INEEL/EXT-04-01933

Alternative Ultrafiltration
Membrane Testing For The
SRS Baseline Process

N. R. Mann
R. S. Herbst
T.G. Garn
M. R. Poirier
S. D. Fink
June 2004

Idaho National Engineering and Environmental Laboratory
Bechtel BWXT Idaho, LLC







INEEL/EXT-04-01933

Alternative Ultrafiltration Membrane Testing for the
SRS Baseline Process

N. R. Mann
R. S. Herbst
T. G. Garn

Idaho National Engineering and Environmental Laboratory
Idaho Falls, ID

M. R. Poirier
S. D. Fink

Savannah River National Laboratory
Westinghouse Savannah River Company
Aiken, SC

June 2004

Idaho National Engineering and Environmental Laboratory

Idaho Falls, Idaho 83415

Prepared for the
U.S. Department of Energy
Under DOE Idaho Operations Office
Contract DE-AC07-99ID13727






Alternative Ultrafiltration Membrane Testing for the SRS

Baseline Process
INEEL/EXT-04-01933

June 2004

Authors

N. R. Mann, INEEL Date
R. S. Herbst, INEEL Date
T. G. Garn, INEEL Date
M. R. Poirier, SRNL Date
S. D. Fink, SRNL Date
Customers

C. E. Miller, EM-21, Office of Cleanup Technologies Date
H. D. Harmon, SPP Technology Development Manager Date
P. C. Suggs, DOE Technology Development Lead Date
W. D. Kerley, Manager, Actinide Removal Process (SRNL) Date
R. H. Spires, Manager, Salt Disposition Engineering (SRNL) Date

S. J. Robertson, Manager, Closure Process Development Group (SRNL) Date






ABSTRACT

The ability to more rapidly process high-level waste sludge and supernate,
without sacrificing cost savings, continues to be a crucial challenge facing the
Savannah River Site (SRS). There has, to date, not been any extensive
investigation of alternative filter technologies for the SRS baseline process. To
address this problem, a focused investigation into alternative, state-of-the art
filtration technologies to facilitate the strontium and actinide removal process,
which can be cost effectively implemented in existing facilities and current
equipment designs, was completed. Filter technologies manufactured by Mott
(0.1 pm and 0.5 pm) Graver (0.07 pm), Pall (0.1 pm and 0.8 pm) and GKN (0.1
pm) were evaluated. Membranes had a nominal inside diameter of 3/8 inches and
an active membrane length of 2 feet. The investigation was performed in two
phases. The first phase of testing evaluated the consistency or variability in flux
through the different membranes using water and a standard 5.0 wt% strontium
carbonate slurry. The second phase of testing evaluated the achievable permeate
flux and clarity through the various membranes using the SRS average salt
supernate simulant at solids loadings of 0.06, 0.29 and 4.5 wt%. Membrane
variation data indicate that membranes having an asymmetric ceramic coating
(Pall 0.1 pm and Graver 0.07 um), typically displayed the lowest variability with
water. Membranes without a ceramic asymmetric coating (Mott 0.5 pm and GKN
0.1 pm) displayed the highest variability. This is most likely associated with the
experimental uncertainties in measuring large volumes of permeate in a short
amount of time and to the impact of impurities in the water. In general,
variability ranging from 4-56% was observed when using water for all
membranes. In the case of variation testing using strontium carbonate, variability
decreased to 3-12%. In addition, membrane structure or composition had little
effect on the variability. Data obtained from SRS simulant testing, indicate that
membranes having a ceramic asymmetric coating (Graver 0.07 um, Pall 0.1 pm),
typically achieved the highest average steady state fluxes for all solution
concentrations evaluated. In general, the Graver 0.07 pum and Pall 0.1 pm
membranes achieved fluxes approximately 13 to 21 percent higher than those
observed with the baseline Mott 0.1 um membrane using the SRS simulant at
solids loadings of 0.29 and 4.5 wt%. Membranes without a ceramic asymmetric
coating (GKN, Mott) achieved the lowest average steady state fluxes. It is
postulated that small particles present in solution were unable to penetrate the
ceramic layer, thus producing surface filtration where the filter cake acts as the
filter medium. Conversely, membranes without the asymmetric ceramic coating
were susceptible to the small particles present in solution penetrating into the
internal pore structure of the membrane, thus producing depth filtration where the
porosity is greatly reduced by particles trapped within the interstices of the
internal structure. Turbidity data indicate that permeate from the alternative
membranes provided reduced or equivalent turbidity measurements when
compared to the baseline 0.1 um Mott membrane.
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Alternative Ultrafiltration Membrane Testing
for the SRS Baseline Process

1. INTRODUCTION

The ability to more rapidly process high-level waste sludge and supernate, without sacrificing cost
savings, continues to be a crucial challenge facing the Savannah River Site (SRS). To address this
problem, a focused investigation into unique, state-of-the art filtration technologies to facilitate the
strontium and actinide removal process, which can be cost effectively implemented in existing facilities
and current equipment designs, were evaluated. Specifically, the goal of this effort was to evaluate
achievable permeate flux and clarity through membranes of similar structure and composition that are
currently available commercially from different manufacturers as alternatives to the Mott product used in
the current baseline. The Idaho National Engineering and Environmental Laboratory (INEEL) and the
Savannah River National Laboratory (SRNL) received funding from the Department of Energy — Head
Quarters (DOE-HQ), Office of Cleanup Technologies (EM-21), via the National Energy Technology
Laboratory (NETL), to evaluate alternative filter media. The baseline crossflow unit operation uses
filtration membranes provided by Mott Metallurgical as the prescribed filtration media. This work
experimentally examined crossflow filtration media manufactured by Pall, GKN, Graver and Mott. The
Mott, Graver and GKN media are all nominally rated at approximately 0.1 pm pore size, i.e. equivalent to
the recommended Mott baseline. A Mott 0.5 um membrane was also evaluated to provide a complete
comparison of filter media. The Pall media were absolute rated at 0.1 and 0.8, respectively.

The current baseline treatment process at SRS for strontium and actinide removal involves sorption
on particulate Monosodium Titanate (MST) followed by crossflow filtration to remove entrained sludge
and radionuclide-containing MST solids. Not only is this same process incorporated in the baseline
approach to process all of the existing wastes through the Salt Waste Processing Facility (SWPF), but it is
also the baseline technology associated with the accelerated treatment option. The basic premise of the
accelerated option is to segregate the waste by type and selectively process the different types. In the
accelerated option, some wastes require strontium and actinide removal from the supernate liquid; this
would be facilitated by sorption on particulate MST. Crossflow filtration would be used to concentrate the
radionuclide-containing fraction (both sludge and MST solids are present) for vitrification as High-Level
Waste (HLW) in the existing Defense Waste Processing Facility (DWPF). Treatment of wastes by MST
and crossflow filtration assumes the use of existing facilities (such as Building 512-S); however, due to
limited space in the facility, the filtration equipment must provide the highest possible processing rates.

The Mott product was extensively studied, at both the experimental and pilot scales, with regard to
flux and cleanability using simulated and actual SRS wastes." "' Fluxes through the Mott membranes are
well documented and the current design basis is 0.02 gpm/square foot of filter area (gpm/ft*), which has
been used to size and cost the crossflow equipment in SWPF. Although the Mott product has undergone
extensive study, little attention has been given to the application of other similar, commercially available
products for the SRS-specific application. Higher processing rates, hence increased performance, may be
obtained by a simple substitution of a different manufacturer’s membrane for the Mott product. There is
experimental evidence ">'* with other streams that these alternative, commercially available membranes
have the potential to provide permeate fluxes that are measurably higher than the current Mott design
basis of 0.02 gpm/ft>. An equally important aspect of the alternative membranes is that they must produce
permeates of at least the same clarity (as determined by turbidity) as the Mott membranes. An increase in
filter flux with the relatively simple change in membrane specification would have two positive impacts
on the baseline process: 1) higher flux translates to faster processing rates in the same size crossflow
equipment, thus resulting in accelerated throughput or processing rates, and 2) higher flux equates to



lower membrane surface area for the same throughput, thereby reducing crossflow equipment size. In
reality, a balance of these two advantages is possible, but such a balance would be established based on
the priorities of the process and an engineering evaluation. An additional consideration in the selection of
the commercially available membranes from each manufacturer is the consistency or variability in fluxes
through the new membranes due to porosity differences or residual solid impurities from the
manufacturing processes. An additional effort was included in this work to quantify the variations in flux
through the different membranes samples.



2. EXPERIMENTAL
2.1 SRS Simulated Waste

The SRS simulant used in this testing was prepared according to methods developed by the
Savannah River National Laboratory (SRNL) for the preparation of the SRS average salt supernate
solution. The simulated SRS sludge and MST solids were provided directly from SRNL at a solids
loading of approximately 7.25 wt%. The simulated SRS supernate solution was prepared at the INEEL
using a standard recipe provided by SRNL. The proper proportions of MST and sludge were diluted to the
required feed solids concentration for testing (0.06, 0.29 and 4.5 wt%) with the supernate solution.
Twenty-one liters of each waste loading was prepared for testing to provide fresh feed solution for each
membrane test. Particle size distribution analysis of the feed before and after testing was performed and
will be discussed in a subsequent section. The composition of the supernate solution is indicated in
Table 1 for a 1-liter batch.

Table 1. Composition of the average salt supernate.

Target Amount
Molecular Weight Concentration Required
Component Source (g/mole) (molar) (grams/L)
K" KNO, 101.1 0.015 1.517
Cs' CsNO; 194.92 0.00014 0.027
OH" NaOH 40.00 1.91 126.40
NO5 NaNO; 84.99 2.14 101.55
NO, NaNO, 69.00 0.52 35.88
AlOy AI(NO;);*9H,0 375.14 0.31 116.29
COs*> Na,CO;°H,0 124.01 0.16 19.84
SO~ Na,SO0, 142.04 0.15 21.31
Cr NacCl 58.44 0.025 1.461
F NaF 41.99 0.032 1.344
PO, Na,HPO,*7H,0 268.09 0.010 2.681
C,04” Na,C,0,4 134.00 0.008 1.072
Si05* Na,Si0;°9H,0 284.2 0.004 1.137
MoO,* Na,M00,2H,0 241.95 0.0002 0.048
Tributyl Phosphate 266.00 5.0 E-04
Dibutyl Phosphate 210.00 2.5E-02
Monobutyl Phosphate 154.00 2.5E-02
n-Butanol 74.00 2.0 E-03
Sodium Formate 68.00 1.5
Water 827.9
Total Weight 1258.0




2.2 Membrane Modules

The commercially available membranes evaluated in this study were selected based on similar
specifications and materials of construction to the baseline Mott products. Furthermore, any tentative
replacement to the baseline membrane would need to be predicated on a very similar design configuration
for the specified product to facilitate a relative simple change without a major reconfiguration of the
filtration equipment. The selection criteria included existing commercial availability, a 0.1 um nominal
and/or absolute particle size cutoff rating, sintered stainless steel composition, and modules available in
nominal 3/8” tubular form. Membranes tested include:

. Mott Metallurgical (USA): Two Mott products were obtained for testing, 0.1 um and 0.5 pm. Both
Mott products are symmetric in design comprising solely of sintered stainless steel. The wall
thickness for both Mott products was 0.062 inches. Extensive work has been performed on both
Mott products throughout the DOE complex. The Mott 0.1 pm product was recently chosen as the
current baseline. For comparative purposes and completeness of the evaluation, a 0.5 um Mott
membrane was also included in the experimental program. The 0.5 um Mott membrane was the
previous baseline. Evaluation of these membranes is necessary as a baseline for all data generated
in this work and provides a valuable and necessary point of comparison with numerous studies by
other researchers in similar efforts.

. GKN (Germany): asymmetric, sintered stainless steel substrate with a thinner layer of sintered
metal deposited on the surface. The GKN membranes obtained for testing had a nominal pore size
of 0.1 um. The wall thickness for the GKN membrane was 0.079 inches

. Graver Technologies (USA): asymmetric, thin layer of sintered titania (TiO,) deposited on sintered
stainless steel substrate. The Graver membranes obtained from testing had a nominal pore size of
0.07 um. The wall thickness for the Graver membrane was 0.055 inches.

. Pall Corp. (USA): Two Pall products were purchased for testing: 0.8 um and 0.1 pm. The 0.1 pm
product is absolute rated at 0.1 pum and is an asymmetric membrane comprised of a sintered
zirconia (ZrQO,) layer on a sintered stainless steel support. The 0.8 um product is absolute rated at
0.8 um and is symmetric comprising solely of sintered stainless steel. The wall thickness for both
Pall products is 0.035 inches.

The membranes modules obtained for evaluation consisted of a nominal 3/8-inch inside diameter
with a single section of active membrane tube, 2 feet in length. Membranes modules were modified by the
respective manufacture (per INEEL instruction) to insure compatibility with the test rigs. These
modifications included welding VCO end fittings (O-ring face seal fittings) to the tubes and installing
permeate and pressure ports.

2.3 Equipment

The Cells Unit Filter (CUF), depicted schematically in Figure 1 and pictorially in Figure 2, was
used for flux measurements with the commercially available membrane modules."” Two identical and
fully operational CUF systems exist for testing simulated (non-radioactive) wastes at the INEEL. The
system consists of a 4 liter feed vessel, which feeds a modified Oberdorfer progressive cavity pump
driven by a variable speed direct current (DC) motor. The feed solution (water, cleaning solution, or
simulated waste) is recirculated from the feed vessel through a flowmeter, heat exchanger, and the interior
of the tubular filter membrane, then back to the feed vessel. Maximum volumetric flow through the
system is ~9 gpm, depending on the pressure head developed at the pump outlet. The discharge throttle
valve, located on the discharge side of the filter module, is used to control transmembrane pressure by
controlling pump head and flow rate. The permeate side of the membrane is at ambient pressure (0 psig)
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and transmembrane pressures of up to 100 psig can be easily achieved with this arrangement. The CUF is
designed to accommodate a two-foot length of active membrane. The design incorporates a back-pulse
system that pressurizes permeate (overpressure of up to 100 psig) collected in the small back-pulse vessel.
The small volume of pressurized permeate can be routed back to the permeate side of the membrane
module, thereby dislodging or re-suspending filter cake and solids entrained in the membrane surface
from the feed side of the membrane. The back pulse system includes the necessary manual valves to
collect, pressurize, and back-pulse the filter membrane. The permeate exiting on the low pressure side of
the membrane was collected in the sample holder, routed through a graduated cylinder that can be used to
manually measure permeate flux, and is typically routed back to the feed vessel. Permeate flux was
corrected to 25°C, using the following equation.""”

Flux = P C
A
Where:
Flux = permeate flux at 25°C (gpm/ft)
P = permeate flow rate (gpm)
A = filter surface area (ft’)
C = temperature correction factor = ¢ (V@3 D-1298)
T = slurry/permeate temperature in degrees Celsius

The temperature correction factor corrects flux back to an equivalent flux at 25°C and accounts for
changes in fluid viscosity and surface tension. Additional parameters recorded during testing include
recirculation flow, axial velocity, membrane inlet pressure, membrane outlet pressure, permeate pressure,
and slurry temperature.

2.4 Membrane Variation Testing

An important consideration in the selection of the commercially available membranes from each
manufacturer is the consistency or variability in fluxes through the new membranes due to porosity
differences or residual solid impurities from the manufacturing processes. Testing was used for the
specific purpose of observing the variability within a specific membrane group or manufacturer and not as
a basis of comparison between groups or manufactures.

An effort to quantify the variations in flux through the different membranes samples was
completed. Five identical membrane modules were obtained from each respective manufacturer and
fluxes were evaluated through the different membrane samples using the CUF apparatus. Membranes
were evaluated for variation using the following test sequence.

1. Measure pristine water flux (benchmark flux).

2. Perform preconditioning procedure.

3. Re-measure water flux (evaluate potential increase or decrease in flux as a result of
preconditioning).

4. Measure flux using standard 5.0 wt% strontium carbonate solution.



5. Perform acid rinse using 1.0 M nitric (in-situ to remove residual strontium carbonate from system).

6. Re-measure water flux (ensure complete removal of residual strontium carbonate).

Water flux variation tests were performed using Nanopure™ water at 7.0 ft/sec linear axial velocity
(AV) and 10, 20, 30, 40 and 50 psig, transmembrane pressure (TMP), each condition being held for 0.5
hours.

The preconditioning procedure was performed to remove residual manufacturing impurities from
the membranes and ensure reproducible “clean water” fluxes were obtained. The preconditioning
procedure was performed using 0.1 M sodium hydroxide followed by 1.0 M nitric acid and then 0.5 M
oxalic acid. Preconditioning solutions were routed through the system at 9.0 ft/sec linear axial velocity
(AV) and 30 psig TMP for 0.5 hours each. A water rinse was performed between each conditioning
solution.

Flux measurements using strontium carbonate (SrCOj; precipitate in 0.2 M NaOH) were performed
to ensure representative flux under conditions of solids loading. Fluxes measured under load are often
more indicative of membrane performance than the clean water flux. The SrCO; flux test is useful since
the particulate slurry can be easily prepared with a narrow particle size distribution (median particle size
3-4 um) of solids and residual solids, potentially fouling the membrane, are easily cleaned. The recipe for
the strontium carbonate solution is shown in Table 1 of Appendix A. Strontium carbonate flux was
measured using a parametric study, indicated in Table 2. The test conditions used in the parametric study
were collaboratively selected by the INEEL and SRNL and are based on historical testing and tentative
operating conditions of the Actinide Removal Process (ARP) filtration plant."' It should be noted that the
parametric conditions were also used in subsequent SRS simulant testing (vide infra). The eleven
statistically designed test conditions vary transmembrane pressure (TMP) from 15 to 45 psig and axial
velocity (AV) from 4 to 14 ft/sec. Three liters of 5.0 wt% strontium carbonate solution were used for
testing of each membrane.

Table 2. Test matrix for evaluating flux through the different membranes.

Axial Velocity Transmembrane Pressure
Condition (ft/sec) (psid)
1 9 30
2 12 40
3 4 30
4 9 15
5 12 20
6 9 30
7 6 40
8 9 45
9 14 30
10 6 20

—
—
O

30




2.5 Experimental Evaluation of Flux with Simulated SRS Solids

SRS simulant testing commenced by installing an average or typical membrane module from each
membrane manufacturer (as statistically determined from water and strontium carbonate variation
testing). Prior to waste addition, simulants were mixed using a Barnant (Series 10) mixer with
accompanying stainless steel impeller and stand. Simulants were mixed for 0.25 hours to ensure complete
homogeneity of the slurry prior to testing. A Cole-Parmer, Masterflex® peristaltic pump (Model 7518-12)
was used for slurry transfer. Approximately 3.5 liters of slurry was used for each membrane test.

Simulant flux was measured using the parametric test matrix, as indicated in Table 2 (vide supra).
The test conditions used in the parametric study were collaboratively selected by the INEEL and SRNL.
The ranges of process variables to be tested were determined to envelope baseline design conditions of 6-
9 ft/sec axial velocity and 30 — 40 psig transmembrane pressure.

Aside from permeate flux, the collected analytical data included the particle size distribution (PSD)
of suspended solids prior to and following testing and permeate turbidity. PSD analysis was used to
ensure consistent and verifiable feed slurries. In addition, the effects of shear and associated particle de-
agglomeration were also evaluated using PSD analysis. Permeate turbidity analysis was performed by
obtaining samples of permeate at test conditions 1, 6 and 11, (repeatable test conditions). An approximate
30 mL sample of permeate was obtained for turbidity analysis using a Hach® 2100P turbidmeter.



3. RESULTS AND DISCUSSION

3.1 Membrane Variation Testing
3.11 Graver 0.07 pm

A comparison for five 0.07um Graver membranes is shown in Figure 3. Comparisons are shown
for the (as-received) pristine water flux, water flux following the preconditioning sequence, final water
flux (following SrCO; and the nitric acid rinse) and fluxes obtained from the 5.0 wt% SrCOj; solution.
Also shown is the average flux for the respective tests. When referring to the water flux data, an average
increase of 30.2% can be observed following preconditioning. This increase is most evident with the C
membrane. It should be noted that a cleaning procedure is recommended by Graver to remove residual
manufacturing impurities. It should also be noted that a 23.9% reduction in flux was observed following
the final water flux.
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Figure 3. Fluxes for five Graver 0.07 um membranes are compared for the pristine, preconditioned, final
water and SrCOj tests.

Statistical analysis of variance techniques (ANOVA) applied to the complete set of water flux data
for these membranes indicates no statistical differences are associated with these five Graver modules: all
membranes are the same and none of them can be rejected on statistical grounds. In general, ANOVA
analysis indicates that any of the five membrane modules could be chosen as the most representative for
testing with the SRS simulated wastes. It should be noted that Graver module E had a very slight leak at
the weld around the permeate port on the housing. The leak was not sufficient to impact the measurement
of flux; however, the use of the E module was rejected based on the leak.



31.2  Mott 0.1 ym

A comparison for five 0.1 um Mott membranes is shown in Figure 4. Comparisons are shown for
the (as-received) pristine water flux, water flux following the preconditioning sequence, final water flux
(following SrCOj; and nitric acid rinse) and fluxes obtained from the 5.0 wt% SrCO; solution. Also
shown is the average flux for the respective tests. The water permeation rate through the Mott membranes
was quite consistent for the pristine (as-received) membranes and after preconditioning. However, an
average increase in flux of 5.7% can be observed following preconditioning. The data indicate that the
water permeation rates through the Mott 0.1 um membranes were relatively high. Any variability
associated with water flux is most likely due to experimental error as a result of the high permeation rates.

Statistical analysis of variance techniques (ANOVA) applied to the complete set of water flux data
for the Mott 0.1 pm membranes indicate no statistical differences associated with the five modules: all
membranes are the same and none of them can be rejected on statistical grounds. In general, ANOVA
analysis indicates that any of the five membrane modules could be chosen for testing with the SRS
simulated wastes.

31.3  Mott 0.5 ym

A comparison for five Mott 0.5 um membranes is shown in Figure 5. Comparisons are shown for
the (as-received) pristine water flux, water flux following the preconditioning sequence, final water flux
(following SrCOj; and nitric acid rinse) and fluxes obtained from the 5.0 wt% SrCO; solution. Also
shown is the average flux for the respective tests.
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Figure 4. Fluxes for five Mott 0.1 pm membranes are compared for the pristine, preconditioned, final
water and SrCOj tests.
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Figure 5. Fluxes for five Mott 0.5 pm membranes are compared for the pristine, preconditioned, final
water and SrCOj tests.

The water permeation rate through the Mott 0.5 um membranes was quite consistent for the pristine
(as-received) membranes and after preconditioning. An overall increase in flux of 4.0% can be observed
following preconditioning. Data obtained for the final water flux indicate an average decrease of 4.2%
over the preconditioned water flux. Average water permeation rates for the pristine and final water fluxes
are nearly identical. Water permeation rates through the Mott 0.5 pm membranes were nearly the highest
among the membranes tested. As a result, a different measurement technique was adopted to handle the
increased capacity. The variability associated with water flux is most likely due to experimental error
related to the high water permeation rates.

Statistical analysis of variance techniques (ANOVA) applied to the complete set of water flux data
for these membranes indicates no statistical differences are associated with the five Mott 0.5 pm modules:
all membranes are the same among respective pore sizes and none of them can be rejected on statistical
grounds. In general, ANOVA analysis indicates that any of the five membrane modules could be chosen
for testing with the SRS simulated wastes.

3.1.4 Pall 0.1 pm

Fluxes for five Pall 0.1 pum membranes is shown in Figure 6. Comparisons are shown for the (as-
received) pristine water flux, water flux following the preconditioning sequence, final water flux
(following SrCOs and nitric acid rinse) and fluxes obtained from the 5.0 wt% SrCO; solution. Also
shown is the average flux for the respective tests. The water permeation rate through the Pall membranes
was quite consistent for all sets of water flux data. The absolute rating of the Pall membrane also affects
the permeation rate. It should be noted that an average increase in flux of 7.5% is observed following
preconditioning. This is possibly due to the removal of residual manufacturing impurities associated with
the ceramic coating.
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Figure 6. Fluxes for five Pall 0.1 um membranes are compared for the pristine, preconditioned, final
water and SrCOj tests.

Statistical analysis of variance techniques (ANOVA) applied to the complete set of water flux data
for these membranes indicates no statistical differences are associated with the five Pall 0.1 um modules:
all membranes are the same among respective pore sizes and none of them can be rejected on statistical
grounds. In general, ANOVA analysis indicates that any of the five membrane modules could be chosen
for testing with the SRS simulated wastes.

3.1.5 Pall 0.8 pm

Fluxes for five Pall 0.8 pm membranes are shown in Figure 7. Comparisons are shown for the (as-
received) pristine water flux, water flux following the preconditioning sequence, final water flux
(following SrCOj; and nitric acid rinse) and fluxes obtained from the 5.0 wt% SrCO; solution. Also
shown is the average flux for the respective tests. The water fluxes through the membranes were quite
inconsistent for all of the water flux data, and membrane C was consistently low and decreased further
with each water flux test. The variability between the different membranes was statistically different
based on ANOVA analysis, which indicated sample C was consistently low. All other modules were
statistically the same when module C was removed from the ANOVA method. It is unknown why
membrane C displayed such low fluxes. ANOV A analysis indicates that any of the four membrane
modules (membrane C removed from testing) could be chosen for testing with the SRS simulated wastes.
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Figure 7. Fluxes for five Pall 0.8 um membranes are compared for the pristine, preconditioned, final
water and SrCOj tests.

3.1.6 GKN 0.1 pm

Fluxes for the five GKN 0.1 um membranes are shown in Figure 8. Comparisons are shown for the
(as-received) pristine water flux, water flux following the preconditioning sequence, final water flux
(following SrCOs and nitric acid rinse) and fluxes obtained from the 5.0 wt% SrCO; solution. Also
shown is the average flux for the respective tests. The data indicate that the water permeation rates
through the GKN 0.1 um membranes were relatively high. It is important to note that for the GKN
membranes, the high water flux, particularly at the higher TMP, results in a large amount of experimental
error associated with the water flux measurement.

Statistical analysis of variance techniques (ANOVA) applied to the complete set of water flux data
for these different membranes indicates no statistical differences are associated with these five GKN
modules: all membranes are the same and none of them can be rejected on statistical grounds. In general,
ANOVA analysis indicates that any of the five membrane modules could be chosen for testing with the
SRS simulated wastes.
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Figure 8. Fluxes for five GKN 0.1 um membranes are compared for the pristine, preconditioned, final
water and SrCOj tests.

Table 3 summarizes the average steady-state flux data for the different membrane modules and
indicates which modules were selected for continued testing with the SRS simulated waste. Membranes
for continued testing were selected by identifying the membrane that most closely resembled the average
steady state flux of the five respective membranes. The variation is indicated by the associated standard
deviations reported for each membrane set. The H,O and SrCOs; data are relative; the water data has units
of flux/TMP or (gpm/ft*)/psig, while the SrCO; flux data is in units of flux/AV or (gpm/ft*)/(ft/sec). In the
case of the SrCO; permeate measurements, where the experimental errors associated with the
measurements are relatively low, the variability (based on the standard deviations) ranges from 3 — 12%.
In the case of the water flux measurements, the variations are substantially higher, ranging from 4 — 56%.
Note also that in the water flux measurements, the higher flux membranes (GKN 0.1 um and Mott 0.5 um
membranes) have the greatest amount of variability, associated with the experimental uncertainties in
measuring a large volume of permeate in a short amount of time. The data indicate that the water
permeation rate through the Graver (0.07 pm) and Pall (0.1 pm) membranes are lowest among the
membranes tested and have the lowest variability in the as-received membranes. Less variability is most
likely due to consistency of the pore structure associated with the asymmetric ceramic coating.

Again, it must be emphasized that the purpose of this comparison is only to provide a measure of
variability for each set of samples, and the comparison of the different membranes must be based on a
representative feed stream for which they will be used; in this case the SRS simulated sludge + MST
waste.
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Table 3. Summary of the average water and SrCOj; flux data for the different membranes.

Test Preconditioned
Module  Pristine Water Water Final Water SrCO;
Membrane Selected  (gpm/ft2)/psid  (gpm/ft2)/psid  (gpm/ft2)/psid  (gpm/ft2)/(ft/sec)
Graver 0.07 pm B 0.022£0.006  0.030 + 0.004 0.024 +0.003 0.043 £ 0.002
Mott 0.1 pm B 0.102+0.011  0.105+0.012 0.105+0.019 0.041 £ 0.005
Mott 0.5 pm B 0.395+0.046  0.435+0.036 0.567 +0.187 0.029 £ 0.001
Pall 0.1 pm C 0.021 £0.003  0.022 + 0.002 0.023 £ 0.001 0.030 £0.001
Pall 0.8 pm E 0.053£0.016  0.056+0.014 0.054 +0.017 0.029 £ 0.002
GKN 0.1 pm C 0.768 £ 0.433  0.599+0.219 0.595+0.177 0.028 £ 0.001

3.2 Simulant Testing
321  0.29 wt%

The average steady-state flux for the five membranes using the 0.29 wt% SRS simulant is shown in
Figure 9. The average steady-state flux was calculated by averaging the final (0.5 hour) steady state flux
for each of the eleven parameters.

At 0.29 wt%, the Graver 0.07um and Pall 0.1pum membranes displayed the highest average fluxes
at 0.061 and 0.060 gpm/ft’, respectively. Both membranes are of asymmetric construction with a ceramic
coating on a stainless steel support. Interestingly, the GKN membrane, which is also of asymmetric
construction, performed comparably to the asymmetric Pall 0.8 um with fluxes of 0.058 and 0.058
gpn/ft®. The lowest average steady-state fluxes were obtained by the baseline Mott 0.1 um and Mott 0.5
pm membranes at 0.051 and 0.050 gpm/ft*. The average steady-state flux through the membranes
decreased in the order:

Graver 0.07um >Pall 0.1um >Pall 0.8um >GKN 0.1um >Mott 0.1um >Mott 0.5um

At the completion of the 0.29 wt% test, the simulated waste was drained from the CUF system and
the system rinsed with DI water. Water rinses were performed approximately three times using 2 liters of
water per rinse. This was typically performed with the permeate valve closed. This was followed by
chemically cleaning the membranes using approximately 2 liters of 0.5 M oxalic acid for 0.5 hours at an
axial velocity of 9 ft/sec and a transmembrane pressure of 30 psig. Multiple chemical cleaning steps were
often needed depending on the cleanability of the respective membrane. Once chemical cleaning was
complete, acid solutions were drained from the system and a water flux was performed. Water fluxes
were used to observe how closely the membrane had returned to near pristine levels in preparation for the
subsequent 4.5 wt% test. All membranes tested displayed a decrease in water flux following the 0.29 wt%
test.

15



0.070

S 0.0612 0.0606
S : 0.0589
T 0060 | 008"
5 0.0519 (9502 O Graver 0.07

0.050 ||
:=< B Mott 0.1
[T
% 0.040 — OMott 0.5
?’:‘; o OPall 0.1
E ) OPall 0.8
§ 0.020 - OGKN 0.1
(o]
©
5 0.010
>
<

0.000

0.29 wt%

Figure 9. The average steady-state flux for the five membranes using the 0.29 wt% SRS simulant.

3.2.2 4.5 wt%

The average steady-state flux for the five membranes tested using the 4.5 wt% SRS simulant is
shown in Figure 10. The average steady-state flux was calculated by averaging the final (0.5 hour) steady
state flux for each of the eleven parameters. It should be noted that an additional test at 4.5 wt% was
completed for the Mott 0.5 and GKN 0.1 membranes. Initial simulant tests at 4.5 wt% displayed lower
fluxes than expected with the Mott 0.5 and GKN 0.1 membranes. The initial and repeated final steady-
state fluxes were combined and averaged and are shown in Figure 10.

At 4.5 wt%, the Pall 0.1um and Graver 0.07um membranes display the highest average fluxes at
0.039 and 0.036 gpm/ft’, respectively. Interestingly, the Pall 0.8 um membrane, which displayed
unusually low water fluxes prior to testing, performed comparably to the Graver membrane at 0.0366
gpm/ft’. The lowest average steady state fluxes at 0.035, 0.034 and 0.032 gpm/ft* were obtained by the
GKN, Mott 0.5 um and the SRS baseline Mott 0.1 pum, respectively. The average steady-state flux
through the membranes decreased in the order:

Pall 0.1pm > Graver 0.07pm > Pall 0.8pum > GKN 0.1pum > Mott 0.5um > Mott 0.1pum
At the completion of the 4.5 wt% test, a similar chemical cleaning procedure, as performed in the

0.29 wt% test was performed. However, due to the increased solids loading, additional water and
chemical cleaning steps were required to remove solids.
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Figure 10. The average steady-state flux for the five membranes using the 4.5 wt% SRS simulant.

3.23 Statistical Analysis

The authors performed statistical analyses on the simulant flux data to determine which of the
operating parameters (filter media, insoluble solids concentration, transmembrane pressure, and axial
velocity) had a significant effect on filter flux. The analyses were performed (with JMP software) by
developing a model to calculate the filter flux (in L/m’hr) as a function of filter media, insoluble solids
(Wt%), transmembrane pressure (bar), and axial velocity (m/s).

The statistical analysis of all the filter media is shown in Table 1 of Appendix B. The analysis
shows the insoluble solids concentration and axial velocity have the strongest effect on filter flux, and that
the effects are statistically significant. The analysis also shows the transmembrane pressure and filter
media have statistically significant effects on filter flux, but the effects are less than the effects of
insoluble solids concentration and axial velocity. The 0.1 um Pall and 0.07 um Graver media produced
the highest mean flux.

Additional statistical analysis was completed as a basis of comparison between the various
alternative filter media. The following comparisons were evaluated:
. Pall 0.1 pm and Mott 0.1 pm
. Graver 0.07 pm and Mott 0.1 um
. Graver 0.07 pm and Pall 0.1 pm
. Mott 0.1 pm and Mott 0.5 um

The statistical analysis of the Pall 0.1 um and Mott 0.1 um filter media are shown in Table 2 of
Appendix B. The analysis shows the insoluble solids concentration and axial velocity have the strongest

effect on filter flux, and that the effects are statistically significant. The analysis shows the
transmembrane pressure does nt have a statistically significant effect on filter flux. Filter media has a

17



statistically significant effect on filter flux, but the effect is less than the effect of insoluble solids
concentration and axial velocity.

The statistical analysis of the Graver 0.07 um and Mott 0.1 um filter media are shown in Table 3 of
Appendix B. The analysis shows the insoluble solids concentration and axial velocity have the strongest
effect on filter flux, and that the effects are statistically significant. The analysis shows the
transmembrane pressure does not have a statistically significant effect on filter flux. Filter media has a
statistically significant effect on filter flux, but the effect is less than the effect of insoluble solids
concentration and axial velocity.

The statistical analysis of the Graver 0.07 um and Pall 0.1 pum filter media are shown in Table 4 of
Appendix B. The analysis shows the insoluble solids concentration and axial velocity have the strongest
effect on filter flux, and that the effects are statistically significant. The analysis shows the
transmembrane pressure does not have a statistically significant effect on filter flux. Filter media does not
have a statistically significant effect on filter flux. Therefore, filter flux with the Pall 0.1 um and the
Graver 0.07 pum filters is statistically the same.

The statistical analysis of the Mott 0.5 um and Mott 0.1 um filter media are shown in Table 5 of
Appendix B. The analysis shows the insoluble solids concentration and axial velocity have the strongest
effect on filter flux, and that the effects are statistically significant. The analysis shows the
transmembrane pressure does not have a statistically significant effect on filter flux. Filter media does not
have a statistically significant effect on filter flux. Therefore, filter flux with the Mott 0.1 pm and the
Mott 0.5 pm filters is statistically the same.

3.3 SRNL Comparison

After close examination of INEEL simulant flux data performed at 4.5 wt%, it was speculated that
a discrepancy between the INEEL and prior Savannah River National Laboratory (SRNL) data existed.
Personnel from the Savannah River National Laboratory and the University of South Carolina (USC) had
previously conducted engineering-scale filtration tests using the Filtration Research Engineering
Demonstration (FRED) facility and the Mott 0.1 um membrane."”

Figure 11 displays flux as a function of axial velocity for the Mott 0.1 um membrane at 4.5 wt%
for tests performed at the INEEL and SRNL (FRED facility). Fluxes obtained at SRNL were
approximately 20 —50 % higher than those obtained in the INEEL study. Similar tests conditions were
utilized between the two tests, however, a few experimental differences were observed, which could
account for the difference in flux. Table 4 displays the experimental differences for simulant tests
performed with the Mott 0.1 um at the INEEL and SRNL. In addition, the potential impacts in respect to
the experimental differences are also shown.
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Figure 11. Flux as a function of axial velocity for the Mott 0.1 pm membrane at 4.5 wt% for tests
performed at the INEEL and SRNL (FRED Facility).

Table 4. Experimental differences for simulant tests performed with the Mott 0.1 um at the INEEL and
SRNL (FRED facility).

INEEL

(SRNL) FRED

Impacts

Particle Size
Distribution in Feed

Membrane
Diameter

Number of Tubes

Temperature

Backpulse Pressure

Insoluble Solids
(Wt%)

Particle size 4.32- 4.39 um
based on Microtrac analysis
measured at SRTC

3/8”

(1 tube, 2 ft long)

25°C

40 psig

10.8 wt% feed stock

Particle size of 3.56 —
4.09 um based on

Microtrac analysis
measured at SRTC

5/8”

(7 tubes, 10 feet long)

35°C

100 psig

~ 7.0 wt% feed stock

Smaller particles foul
membrane or produce
tighter cake, lower flux

Smaller membrane would
produce higher wall shear
at same AV increasing flux

Shorter length with less
tubes = higher fraction is at
the entrance region, which
has higher mass transfer
coefficient, increasing flux

Higher temperature yields
higher flux due to change in
viscosity

Higher backpulse pressure
produces better particle
removal efficiency

Higher solids loading create
added resistance and
decreased flux
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As a result of the differences described in Table 4, we performed additional testing to provide a
direct comparison with tests performed at SRNL. Additional testing was completed on the Graver
0.07um, Mott 0.1um and Pall 0.1um. These membranes displayed the highest average steady-state flux
during original testing with SRS simulated waste at solids loadings of 0.29 and 4.5 wt%.

As a basis of comparison, two test conditions were changed: operating temperature and backpulse
pressure. Operating temperatures were increased from 25°C to 35°C and backpulse pressures were
increased from 40 psig to 90 psig. The 90 psig backpulse was selected, because the Pall 0.1 pum filter has
a maximum operating pressure of 90 psig. Accordingly, backpulses were performed at 90 psig for all
membranes. Flux was measured in accord with the matrix conditions indicated in Table 2 (vide supra).
However, an additional “preflux” parameter (repeat of condition #1) was added to the test matrix to
decrease the high variation in initial-flux measurements. Additional tests were performed with SRS
simulated waste at solids loadings of 0.06 and 4.5 wt%. Figures 12 and 13 indicate the average steady-
state flux for the Mott 0.1um (FRED pilot facility), Mott 0.1pm (INEEL), Graver 0.07um and Pall 0.1pm
membranes using simulated SRS waste at 0.06 and 4.5 wt% at 35°C.
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Figure 12. Average steady-state for the Mott 0.1 pm (FRED facility), Mott 0.1 um (INEEL), Graver 0.07
pm and Pall 0.1 pm membranes using the SRS simulant at 0.06 wt% at 35 °C.
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Figure 13. Average steady-state flux for the Mott 0.1 pm (FRED Facility), Mott 0.1um (INEEL), Graver
0.07 wum and Pall 0.1 um membranes using the SRS simulant at 4.5 wt% at 35 °C.

At 0.06 and 4.5 wt%, the Graver 0.07um and Pall 0.1um membranes displayed the highest average
steady-state fluxes. Interestingly, the order of performance remained the same when compared to previous
testing. The Graver membrane displayed the highest average steady-state flux at the low solids loading
and the Pall membrane displayed the highest average steady-state flux at the high solids loading. In
general, fluxes were 11- 31% higher for the Graver 0.07um and Pall 0.1um membranes when compared
to the baseline Mott 0.1 um membrane.

Statistical analysis of the data collected at 35 °C is shown in Table 6 of Appendix B. The analysis
indicates the insoluble solids concentration and axial velocity have the strongest effect on filter flux, and
that the effects are statistically significant. The analysis also shows the transmembrane pressure and filter
media have statistically significant effects on filter flux, but the effects are less than the effects of
insoluble solids concentration and axial velocity. This analysis is consistent with the results for the testing
at 25 °C.

Although tests were performed in replication of tests performed at SRNL (FRED facility), flux
values obtained at the INEEL were still approximately 25 percent lower. As an after thought, the
discrepancies were discovered to be a difference in simulant test solutions, specifically solids loading and
particle size diameter. The INEEL received simulated sludge and MST solids at a solids loading of
approximately 7.25 wt%, as determined by SRNL. Following simulant testing at the INEEL, six samples
of the 4.5 wt% test solutions were back-calculated to determine the solids loading of the actual as-
received simulated sludge and MST solids. A solids loading of 10.8 wt% was determined. The solids
loadings of test solutions utilized at the INEEL were approximately 33% higher than those tested at the
FRED facility. Thus, the calculated solids loadings for the tests solutions were 0.09, 0.43 and 6.7 wt%,
respectively. To substantiate this, Mott 0.1 um flux data obtained at the FRED facility was interpolated
using a solids loading of 6.7 wt%. The flux data was calculated at 0.051 gpm/ft>. Fluxes obtained at the
INEEL were also 0.051 gpm/ft*. Moreover, interpolating the lower concentration data at 0.43 wt% (based
on the natural log of the concentration), a flux of 0.096 gpm/ft* was calculated for the FRED facility.
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Fluxes obtained at the INEEL were 0.097 gpm/ft>. Consequently, the differences in the INEEL and SRNL
data are largely attributed to the differences in percent solids loading between the feed solutions.

In addition to solids loading analysis, the authors performed particle size analyses with a Lasentec
probe and with a Microtrac S3000 particle size analyzer. Personnel collected particle measurements with
a Focused Beam Reflectance Measurement (FBRM) probe (Lasentec®). The probe works in the following
manner. Personnel installed the probe in the feed tank. The laser beam projects through the window of the
FBRM probe and focuses just outside the window surface. This focused beam follows a path around the
circumference of the probe window. As particles pass by the window surface, the focused beam will
intersect the edge of a particle. The particle will backscatter laser light. The particle will continue to
backscatter the light until the focused beam reaches the opposite edge of the particle. The instrument
collects the backscattered light and converts it into an electronic signal. The FBRM isolates the time of
backscatter from one edge of an individual particle to its opposite edge. The software records the product
of the time multiplied by the scan speed as a chord length. A chord length is a straight line between any
two points on the edge of a particle or particle structure (agglomerate). FBRM typically measures tens of
thousands of chords per second, resulting in a robust number-by-chord-length distribution. The chord-
length distribution provides a means of tracking changes in both particle dimension and particle
population. The calculations do not assume a particle shape. The chord-length distribution is essentially
unique for any given particle size and shape distribution. Assuming the average particle shape remains
constant over millions of particles, changes to the chord-length distribution reflect solely a function of the
change in particle dimension and particle number. Slurry samples from the current test and the pilot-scale
test were analyzed with the FBRM. Personnel obtained 200 ml slurry samples and placed them in a
beaker. They agitated the slurry with an impeller and placed the FBRM probe into the slurry. Figure 14
shows the particle distribution measured. The slurry samples in the current test had a smaller media
particle size than the samples in the pilot-scale test. The difference was 25% at the lower concentration
and 17% at the higher concentration. Many filtration models predict filter flux to be proportional to
particle size squared '“'”, this difference in particle size would correspond to a difference in filter flux of
35-55%.

Following the FBRM measures, personnel submitted the samples to the SRNL Analytical
Development Section for particle size analysis with a Microtrac S3000. The Microtrac instrument can
measure smaller particle sizes than the FBRM (as small as 0.026 pum). The results are displayed in
Figure 15. The low solids slurry used in the pilot-scale tests at FRED has a smaller median particle size
than the low solids slurry used in the current tests. Moreover, when referring to the low particle size of the
graph, the samples from the current test have more fine particles (< 1 micron) than the samples from the
pilot-scale test. The fine particles could become trapped in the filter pores and decrease the filter
permeability. In addition, the slurry from the current test performed at the INEEL has a wider particle size
distribution. A wider distribution allows the particles to pack more tightly and decreases the filter cake
permeability.
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Figure 14. Focused Beam Reflectance Measurement (FBRM) of slurry samples.
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Figure 15. Microtrac S3000 Particle Size Measurements.

It is unknown why or how the differences in solids loading and/or particle size diameter occurred
between the two tests. However, it was postulated that the finer particles observed in the current tests
were the result of shear effects within the CUF apparatus. To evaluate this theory, particle size
measurements were performed on samples of the stock SRS simulant (as supplied by SRNL and not
tested at the INEEL) and simulant solutions following testing. Samples of test solutions were obtained
prior to and after testing to validate test solutions and identify potential de-agglomeration of solids due to
shear effects experienced during testing.
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Particle size analysis was performed using the Microtrac-FRA-9200 particle size analyzer. The
Microtrac-FRA-9200 (Leeds & Northrup) particle size analyzer consists of a small volume sample
recirculator, measurement module and computer. The Microtrac FRA-9200 utilizes the phenomenon of
low-angle forward scattered light from a laser beam projected through a stream of particles. The amount
and direction of light scattered by the particles is measured by an optical detector array and then analyzed
by the computer, which calculates the size distribution of the particles in the sample. The Mircortrac-
FRA9200 provides particle size analysis in the range of 0.12 to 704 microns.

Figures 16 and 17 display the particle size data collected for the as-received SRS solids and slurry
samples obtained at the completion of the 0.29 wt% and 4.5 wt% tests for each membrane. The median
particle size for the as-received sample was 4.11um. The average median particle size for the slurry
samples obtained at the completion of testing at 0.29 and 4.5 wt% was 4.14 + 0.05 and 4.16 £ 0.06,
respectively. Slurry samples were obtained prior to testing for each membrane, but are not shown. Slurry
samples obtained prior to testing were nearly identical to the as-received SRS solids. It is postulated that
de-agglomeration due to shear did not occur, as evidenced by the static PSD analysis prior to and
following testing.
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Figure 16. Particle size data collected for the as-received SRS solids and slurry samples obtained at the
completion of the 0.29 wt% simulant tests for each membrane.
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Figure 17. Particle size data collected for the as-received SRS solids and slurry samples obtained at the
completion for the 4.5 wt% simulant tests for each membrane.

3.4 SEM Analysis

Analysis using the Scanning Electron Microscope (SEM) was completed on the five membrane
samples following simulant testing. The purpose of the additional analysis was to qualitatively observe
the membranes under high magnification in order to identify potential fouling phenomena within the pore
structure of the membranes. At the completion of the repeated 4.5 wt% simulant testing, membranes were
not chemically cleaned with 0.5 M oxalic acid. Instead, membranes were water rinsed (in-situ). This
method allowed for the removal of the bulk solids or cake from the system, but left particulate potentially
fouled within the pores intact.

Membranes were prepared by first removing the active membrane from the respective permeate
housings. Cutting a 6-inch section from the center of the 24-inch long membrane followed this. The 6-
inch sections were then cut in half along the length of the membrane. To finish, the partial 6-inch section
of membrane was scarred and fractured into small 0.5-inch pieces. The final 0.5-inch pieces were then
used for SEM analysis.

Figure 18 displays a SEM micrograph of the Graver 0.07 pm membrane at 1000X magnification.
The SEM micrograph is taken at the inner surface of the membrane. The Graver membrane consists of an
asymmetric TiO, layer on a sintered stainless steel support. The TiO, layer is defined by the dark
material. The TiO, layer can be further defined by observing cracks along its surface. The support
material cannot be seen in the micrograph, as it resides beneath the ceramic layer. The lighter material
present on the surface of the ceramic layer is possibly residual solids or crystallized sodium hydroxide.

In general, the pore structure of the Graver membrane cannot be defined. In fact, earlier work has
shown that a magnification of 20,000 or greater is needed to see the TiO, pore structure. It is believed that
the dense TiO, layer, which provided relatively low water fluxes when compared to the other membranes
evaluated, also provided relatively high fluxes with the SRS simulant. Small particles were unable to
penetrate( ltShS)TiOZ layer, thus producing surface filtration where the filter cake acts as the filter
medium." ™
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Figure 18. SEM micrograph of the Graver 0.07 um membrane at 1000X magnification.

Figures 19 and 20 display SEM micrographs of the Mott 0.1 pm and Mott 0.5 um membranes at
2000X magnification. The SEM micrographs are taken at the inner surface of the membranes. The Mott
membranes consist solely of sintered stainless steel as defined in the micrograph by the light globular
material. A dark “cake-like” material can be observed between the sintered metal of the Mott 0.1 um
membrane and is most likely residual solids. This “cake like” material can be further defined by the
cracks along its surface. This dark material is not observed within the pores of the Mott 0.5 um
membrane. However, due to the relatively large pore structure, this dark material may reside deeper
within the pores and is not evident through SEM analysis. It should be noted that a lighter crystalline
material can be observed at the pore opening of the Mott 0.5 pm membrane.

In general, it is believed that the open pore structure of both Mott membranes provided relatively
high water fluxes when compared to the other membranes evaluated, but provided relatively low fluxes
with respect to the SRS simulant. Small particles were able to penetrate within the pore structure (as
evidenced by SEM analysis), thus producing depth filtration where the porosity is greatly reduced by
particles trapped within the interstices of the internal structure."®'”
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Figure 19. SEM micrograph of the Mott 0.1 pum membrane at 2000X magnification.
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Figure 20. SEM micrograph of the Mott 0.5 pm membrane at 2000X magnification.
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Figure 21 displays a SEM micrograph of the Pall 0.1 um membrane at 1000X magnification. The
SEM micrograph is taken at the inner surface of the membrane. The Pall 0.1 um membrane consists of an
asymmetric ZrO, layer on a sintered stainless steel support. The ZrO, layer is defined by the dark
material. The ZrO, layer can be further defined by observing cracks along its surface. The cracks are most
likely due to the preparation (cutting and fracturing) of the sample for SEM analysis. In addition, large
depressions are prevalent throughout the membrane surface and are most likely due to manufacturing.
The support material cannot be seen in the micrograph since it lies beneath the ZrO, layer. The small
amount of lighter colored material present on the surface is possibly residual solids or crystallized sodium
hydroxide.

In general, the pore structure of the Pall 0.1 um membrane cannot be defined. Much like the Graver
membrane, it is postulated that a much higher magnification would be needed to see the ZrO, pore
structure. It is believed that the dense ZrO, layer, which provided relatively low water fluxes when
compared to the other membranes evaluated, also provided relatively high fluxes with the respect to the
SRS simulant. Small particles were unable to penetrate the TiO, layer, thus producing surface filtration
where the filter cake acts as the filter medium. It should be noted that the Graver 0.07 wm and Pall 0.1pum
membranes observed the lowest water fluxes and the highest simulant fluxes when compared to the other
membranes tested. Both membranes consist of a ceramic coating on a sintered metal support.

AccV Magn Det WD f———— 50um

200 kv 1000x SE 13.3 pall 0.1 surface

Figure 21. SEM micrograph of the Pall 0.1pum membrane at 1000X magnification.

Figure 22 displays the SEM micrograph of the GKN 0.1 um membrane at 2000X magnification.
The SEM micrographs are taken at the inner surface of the membrane. The GKN membrane consists of a
fine asymmetric stainless steel layer on a larger sintered stainless steel support. The GKN membrane is
different in respect to the other asymmetric membranes, as the pore structure is very evident. The stainless
steel asymmetric layer is not defined by the light globular material, as shown in the Mott micrographs but,
light spherical material. A dark “cake-like” material can be observed between the asymmetric metal layer
and is most likely fouled solids.
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Figure 22. SEM micrograph of the GKN 0.1 um membrane at 1000X magnification.

In general, it is believed that the open pore structure of the GKN membrane provided the highest
water fluxes when compared to the other membranes evaluated, but provided nearly the lowest fluxes
with respect to the SRS simulant. It is postulated that the small particles were able to penetrate the
spherical asymmetric layer, thus producing depth filtration where the porosity is greatly reduced by
particles trapped within the interstices of the internal structure.*'”

The Pall 0.8 um membrane was evaluated using SEM. However, water flux could not be restored
to near pristine levels despite numerous chemical and physical cleaning attempts. As a result, the Pall 0.8
pm was not included in the additional simulant tests at 0.6 and 4.5 wt%. The Pall 0.8 um membrane was
cleaned with 0.5 M oxalic acid removing any solids present within the pore structure. Thus, the SEM
micrographs depict a membrane free of any solids. A SEM of the Pall 0.8 pm membrane is not shown.

3.5 Permeate Turbidity Analysis (NTU)

An important aspect of this evaluation was the permeate quality and whether the alternative
membranes produce permeates of at least the same clarity as the baseline Mott 0.1 um membrane. The
average Nephelometric Turbidity Units (NTU) and standard deviation for permeate samples are shown in
Table 5. Samples of permeate were obtained during testing from the respective membranes at solids
loadings of 0.29 and 4.5 wt%. A 15 mL sample was obtained at test conditions 1,6 and 11 shown in the
parametric test matrix in Table 2. These three measurements were averaged and are shown in Table 5. A
Hach® 2100P turbidmeter was used to determine permeate quality. The turbidmeter works by transmitting
a beam of light through the sample. The light beam reflects off particles in the solution, and the resultant
light intensity is measured by a photodetector positioned at 90 degrees to the light beam. The detected
light intensity is directly proportional to the turbidity of the solution. The Hach® 2100P turbidmeter has
an analysis range of 0 to 1000 NTU.
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Table 5. The average Nephelometric Turbidity Units (NTU) and standard deviation for permeate samples
for all membranes tested at 0.29 and 4.5 wt%.

0.29 wt% 4.5 wt%
Average Std. Average Std.
Membrane Average NTU Deviation Average NTU Deviation
Graver 0.07 pm 2.4 0.21 0.6 0.04
Mott 0.1 pm 2.8 0.21 0.7 0.05
Mott 0.5 pm 1.1 0.09 0.4 0.02
Pall 0.1 pm 0.9 0.05 0.6 0.03
Pall 0.8 pm 0.3 0.05 0.4 0.03
GKN 0.1 um 1.9 0.08 1.0 0.03

The main objective of the NTU analysis was to compare the permeate quality to the baseline Mott
0.1 pm membrane. The maximum acceptable turbidity measurement is 5-10 NTU.® Referring to Table 5,
NTU measurements of 2.8 and 0.7 at 0.29 and 4.5 wt%, respectively were obtained with the Mott 0.1um
membrane. At 0.29 wt% the baseline Mott 0.1um displayed the highest NTU and at 4.5 wt% displayed
the second highest NTU measurement. The highest NTU measurement obtained was with the GKN 0.1
um membrane at 4.5 wt%. All alternative membranes provided reduced or equivalent turbidity
measurements when compared to the baseline Mott 0.1 um membrane.
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4. COST BENEFIT ANALYSIS

Filter manufacturers, Graver Technologies, Pall Corporation and GKN were each requested to
provide a budgetary quote for a retrofit filter bundle and associated housing to replace the existing
crossflow filter (Hypulse LSX) located in 512-S. Each manufacturer was provided with drawings of the
existing filter (7020346 Rev D and S511-205-030-00-F) as provided by SRNL. The overall length of the
retrofit housing and total area (ft*) of the filter bundle was to remain unchanged. However, some
alteration could be made to the diameter of the filter housing. Moreover, manufacturers were provided
with the necessary operational parameters (AV, TMP, pressures, etc.) and waste specifications (PSD,
viscosity, density, etc.) to complete the budgetary quote. Table 6 compares the budgetary quote for the
Graver (0.07um), Pall (0.1 um and 0.8 um) GKN (0.1 uwm) and Mott (0.1 um) filter products. Graver, Pall
and GKN provided estimates based on replacing the existing Mott filters in 512-S with their technology.
The proposal includes the supply of a housing and membrane filter bundle for retrofit into the previously
installed crossflow filter in 512-S.

Table 6. Budgetary quote for retrofit into the existing crossflow filter located in 512-S.

Membrane Budgetary Quote ($)
Graver 0.07um 44,000.00
Pall 0.1 um 100,000.00
Pall 0.8 um 140,000.00
GKN 0.1pm 475,000.00
Mott 0.1pum 270,000.00

Reproductions of the actual budgetary quotes obtained from Graver, Pall and GKN are shown in
Tables 1, 2 and 3 of Appendix I. An added engineering design cost was added to the quote provided by
GKN. This cost is a one-time cost for multiple housings. It should be noted that an engineering design
cost is already included in the quotes provided by Pall Corporation and Graver Technologies. In addition,
three quotes were supplied by Graver Technologies. However, option 1C should be used in this cost
benefit analysis since it is closest to the current design. A budgetary quote for the Mott 0.1 wm was
provided by SRNL and is shown in Table 4 of Appendix I as a personal email.
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5. POTENTIAL IMPACTS ON HIGH LEVEL WASTE PROCESSING

The Pall and Graver filters offer increased flux over the 0.1 and 0.5 um Mott filters. As part of the
development of the rotary microfilter, the authors investigated the impact of the technology on the SRS
High Level Waste system.

The Pall and Graver filters add no new chemicals to the actinide removal process. With the
technology, the feed to 512-S is contacted with monosodium titanate (MST) for as long as 24 hours, and
filtered to remove the strontium and actinide species that sorb to the MST.

The Pall and Graver filters produce higher throughput, so they will facilitate faster treatment of the
SRS High Level Waste that needs alpha removal. The flowsheet for the these filters shows that replacing
the 0.5 um crossflow filter in 512-S with the same size Pall or Graver filter would increase the annual
throughput of 512-S by 3 — 6 % (assuming a 24 hr MST strike). If the MST contact, or strike, time is
reduced to 4 hours, the degree of improved throughput with the Pall and Graver filters increases further (6
— 12 %). If the MST contact, or strike, time is reduced to 0 hours, the degree of improved throughput with
the Pall and Graver filters increases even further (8 — 16 %).“"

Since the Pall and Graver filters produce higher filter flux than the baseline crossflow filter
technology, they will likely require less frequent chemical cleaning, and add fewer cleaning chemicals,
such as oxalic acid, to the SRS High Level Waste System.

The Pall and Graver filters have the following positive impacts to the SRS High Level Waste
System:

. They add no new chemicals to the actinide removal process:

. The Pall and Graver filters will require less frequent chemical cleaning, so they add fewer cleaning
chemicals to the SRS High Level Waste System.

. The Pall and Graver filters produce higher filtrate throughput, so they will allow faster treatment of
the SRS High Level Waste needing actinide removal. Replacing the crossflow filter in 512-S with
an equivalent sized Pall or Graver filter would increase the ARP processing rate by 3 — 16 %,
depending on the MST strike time.

The Pall and Graver filters have the following negative impacts to the SRS High Level Waste
System:

. There is a cost to procure the new filters and to install them in 512-S, and the replacement would
require time.

. We would lose the historical database that we have built from all of the testing with 0.1 and 0.5 pm
Mott filter media.
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6. COMPONENTS OF FUTURE WORK

The authors recommend that the following additional testing be performed with membranes to
confirm improved performance observed in these tests: actual waste filtration tests, pilot-scale filtration
tests, and filter cleaning tests. SRNL should conduct bench-scale testing with actual waste using both the
0.1 pm Pall filter media and the 0.07 um Graver media. In addition to the actual waste testing, SRNL
should conduct pilot-scale testing with the Pall or Graver media. Moreover, additional bench-scale and
pilot-scale testing should include the Mott 0.1 pm media as a basis of comparison. The media selected for
the pilot-scale testing should be based upon the results of the current tests and the actual waste tests. The
actual waste and pilot-scale filtration tests should include an evaluation of filter cleaning for each media
tested.
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7. NEW AND EXISTING FACILITIES

The Pall or Graver filters would be placed in the existing 512-S facility. The vendors have provided
estimates based on replacing the existing filters in 512-S with their technology.
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8. RISK ASSESSMENT

If we replace the Mott 0.1 um filter with the Pall or Graver filters, we lose the historical test
database that includes bench-scale simulant testing, actual waste testing and pilot-scale simulant testing.
The database also includes sludge only feed, sludge plus MST and sludge plus manganese dioxide feed.
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9. CONCLUSIONS

Membrane variation data indicate that membranes having an asymmetric ceramic coating (Pall
0.1pm and Graver 0.07um), typically displayed the lowest variability with water. Membranes without a
ceramic asymmetric coating (Mott 0.1 um, Mott 0.5 um, Pall 0.8 pm, and GKN 0.1 um), displayed the
highest variability, which is most likely associated with the experimental uncertainties in measuring large
volumes of permeate in a short amount of time. Statistical analysis of variance techniques (ANOVA)
applied to the complete set of water flux data indicate no statistical differences are associated among the
five modules within each manufacture. In the case of variation testing using strontium carbonate,
variability decreased to 3-12% as compared with the water flux. In addition, membrane structure or
composition had little effect on the variability.

Data obtained from SRS simulant testing, indicate that membranes having a ceramic asymmetric
coating (Pall 0.1 um and Graver 0.07um), achieved the highest average steady state fluxes for all solids
loadings evaluated. In general, the Graver and Pall membranes achieved fluxes nearly 13 to 21 percent
higher than those observed with the baseline Mott 0.1 um membrane at solids loadings of 0.29 and 4.5
wt%. It is postulated that small particles present in solution were unable to penetrate the ceramic layer,
thus producing surface filtration where the filter cake acts as the filter medium. Conversely, membranes
without the ceramic asymmetric coating were susceptible to the small particles present in solution
penetrating into the internal pore structure of the membrane, thus producing depth filtration where the
porosity is greatly reduced by particles trapped within the interstices of the internal structure. Statistical
analyses (with JMP software) of the simulant flux data indicate that the insoluble solids concentration and
axial velocity had the strongest effect on filter flux, and that the effects are statistically significant. The
analysis also shows the transmembrane pressure and filter media have statistically significant effects on
filter flux, but the effects are less than the effects of insoluble solids concentration and axial velocity.
Statistical comparative analysis among various alternative membranes indicate that the Pall 0.1 um and
Mott 0.1 um membranes are statistically different. In addition, the Graver 0.07 um and Mott 0.1 um are
also statistically different. Conversely, the Pall 0.1 um and the Graver 0.07 um filters were determined to
be statistically the same. Also, the Mott 0.5 pm and Mott 0.1 um membranes were determined to be
statistically the same.

After close examination of INEEL simulant flux data performed at 4.5 wt%, it was speculated that
a discrepancy between the INEEL and prior SRNL data existed. Personnel from the SRNL and USC had
previously conducted engineering-scale filtration tests using the FRED facility and the Mott 0.1 pm
membrane. As a basis of comparison, additional tests were performed with SRS simulated waste at solids
loadings of 0.06 and 4.5 wt%. Two test conditions were changed. Operating temperatures were increased
from 25 °C to 35°C and backpulse pressures were adjusted from 40 psig to 90 psig. The additional flux
data indicate that the fluxes obtained with the Graver 0.07 pm and the Pall 0.1 um were 11- 31% higher
when compared to the baseline Mott 0.1 um membrane. However, despite tests being performed in
replication of tests performed at SRNL (FRED facility), flux values obtained at the INEEL were
approximately 26 percent lower. The discrepancies were discovered to be a difference in simulant test
solutions, specifically solids loading and particle size diameter. The solids loadings of test solutions
utilized at the INEEL were approximately 33% higher than those tested at the FRED facility. Actual test
solutions were calculated at 0.09, 0.43 and 6.7 wt%, respectively. In addition, PSD analysis displayed
more fine particles (< 1 micron) present in test solutions utilized at the INEEL. Statistical analysis of the
data collected at 35 °C indicate that the insoluble solids concentration and axial velocity have the
strongest effect on filter flux, and that the effects are statistically significant. The analysis also shows the
transmembrane pressure and filter media have statistically significant effects on filter flux, but the effects
are less than the effects of insoluble solids concentration and axial velocity.
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Turbidity data indicate that permeate from the alternative membranes provided reduced or
equivalent turbidity measurements when compared to the baseline 0.1 um Mott. All filters produced
acceptable turbidity.

The authors recommend that additional testing be performed with the Pall 0.1 um and Graver 0.07
um membranes to validate the improved performance observed in these tests. Additional testing should
also include the Mott 0.1 pm membrane as a basis of comparison. Testing should include actual waste,
pilot-scale and filter cleaning tests. The media selected for the pilot-scale testing should be based upon the
results of the current tests and the actual waste tests. The actual waste and pilot-scale filtration tests
should include an evaluation of filter cleaning for each media tested.
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Appendix A

Strontium Carbonate Recipe
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Appendix A

Strontium Carbonate Recipe

Table A-1. Strontium carbonate recipe.

Concentration
Component M) FW grams/1.5 L
NaOH 0.2 40 12
NaNO; 1 84.99 127.49
Na,CO;- 1 H,O 0.5 124 93
Sr(NOs), 0.35 211.63 111.11

Directions:

Add 0.2M NaOH, 1M NaNQO;, and 0.5M Na,COs to Sr(NOs),, stir well and cook at
50°C for 4 hours, cool and let sit for 2 days.

Then dilute to 2-liter mark.

Now it is ready to test.
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JMP Statistical Analysis
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Appendix B
JMP Statistical Analysis

The analysis of variance table shows the basic statistical calculations for a linear model. Since 132
tests were conducted and one degree of freedom is used to calculate the mean, there are 131 degrees of
freedom to calculate the variance. Since three replicates of the center point were performed with each
filter membrane and each solids loading, the analysis had 24 degrees of freedom to calculate the random
error (2 from replicates x 6 filters x 2 solids loadings = 24). The remaining 99 degrees of freedom were
used to develop the model. The JMP software calculated the variance in the flux due to the model and the
variance in the flux due to random error. Each variance was divided by the number of degrees of freedom,
and the ratio of the mean variances was calculated to produce an F ratio. The software calculated the
probability of obtaining a greater F value by chance alone. If the probability is less than 0.05, the model
contains at least one significant regression factor (with 95% confidence).

The parameter effects table shows the estimates of each parameter in the model and a t test for the
hypothesis that each parameter is zero. The Prob>|t| is the probability of obtaining an even greater t
statistic, given the hypothesis that the parameter is zero. If the probability is less than 0.05, the parameter
is not zero (with 95% confidence).

The effects test table shows the results of tests conducted to determine whether the individual
effects are zero. Continuous effects have one parameter, and nominal effects have one less parameter than
the number of levels. Ordinarily the degrees of freedom and the number of parameters are the same. The
sum of squares is the variance due to the effect in the model. The F ratio is the ratio of the mean square
for the effect divided by the mean square for the error. Prob > F is the probability that the null hypothesis
is true (i.e., the variance measured is due to random error). Values less than 0.05 indicate the effect is
statistically significant (with 95% confidence).
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Table B-1. Statistical Analysis of All Filter Media.

Response Flux

Whole Model

Summary of Fit
RSquare

RSquare Adj
Root Mean Square Error

Mean of Response

Observations (or Sum Wgts)

Analysis of Variance

0.750206
0.733959
24.64512
113.0465

132

Source DF Sum of Squares Mean Square
Model 8 224370.02 28046.3

Error 123 74707.96 607.4

C. Total 131 299077.97

Lack Of Fit

Source DF Sum of Squares Mean Square
Lack Of Fit 99 41992.455 424.17
Pure Error 24 32715.501 1363.15
Total Error 123 74707.956

Parameter Estimates

Term Estimate Std Error t Ratio
Intercept 27.574706 10.56861 2.61
TIS -12.27107 1.019041 -12.04
TMP 7.4986542 3.536548 2.12
Vel 36.221476 2.515297 14.40
Filter[0.1 Mott] -9.885606 4.796549 -2.06
Filter[0.1 Pall] 9.2712121 4.796549 1.93
Filter[0.5 Mott] -10.07106 4.796549 -2.10
Filter[0.8 Pall] 3.6721212 4.796549 0.77
Filter GKN] 0.1321212 4.796549 0.03

48

F Ratio
46.1757
Prob > F"
<.0001

F Ratio
0.3112
Prob > F"
1.0000
Max RSq
0.8906

Prob>|t["
0.0102
<.0001
0.0360
<.0001
0.0414
0.0555
0.0378
0.4454
0.9781



Table B-1. Statistical Analysis of All Filter Media (continued).

Effect Tests

Source Nparm DF
TIS 1 1
TMP 1 1
Vel 1 1
Filter 5 5
Filter

Least Squares Means Table

Level Least Sq Mean
0.1 Mott  103.16091
0.1 Pall 12231773
0.5 Mott  102.97545
0.8Pall  116.71864
GKN 113.17864
Graver 119.92773

Sum of Squares

88073.07
2730.67
125954.98
7611.12

Std Error

5.2543564
5.2543564
5.2543564
5.2543564
5.2543564
5.2543564

F Ratio
145.0045
4.4958
207.3737
2.5062

Mean

103.161
122.318
102.975
116.719
113.179
119.928

Values less than 0.05 indicate statistically significant effects
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Prob > F’
<.0001
0.0360
<.0001
0.0338



Table B-2. Statistical Analysis of 0.1 um Pall and 0.1 pm Mott Media.

Response Flux

Whole Model

Summary of Fit

RSquare 0.749622
RSquare Adj 0.723942
Root Mean Square Error 25.6317
Mean of Response 112.7393
Observations (or Sum Wgts) 44

Analysis of Variance

Source DF
Model 4
Error 39

C. Total 43
Lack Of Fit
Source DF
Lack Of Fit 31
Pure Error 8

Total Error 39

Sum of Squares
76712.48
25622.37
102334.85

Sum of Squares

Parameter Estimates

Term

Intercept

TIS

TMP

Vel

Filter[0.1 Mott]

Mean Square
19178.1
657.0

Mean Square

14141.263 456.17
11481.105 1435.14
25622.368

Estimate Std Error t Ratio

24.426162 19.03815 1.28
-11.74401 1.835688 -6.40
6.5130541 6.370692 1.02
37.540719 4.531025 8.29
-9.578409 3.864123 -2.48

50

F Ratio
29.1912
Prob>F"
<.0001

F Ratio
0.3179
Prob > F’
0.9900
Max RSq
0.8878

Prob>|t["
0.2071
<.0001
0.3129
<.0001
0.0176



Table B-2. Statistical Analysis of 0.1 um Pall and 0.1 um Mott Media (continued).

Effect Tests

Source Nparm DF Sum of Squares F Ratio Prob>F"
TIS 1 1 26889.922 40.9294 <.0001
TMP 1 1 686.674 1.0452 0.3129
Vel 1 1 45099.009 68.6455 <.0001
Filter 1 1 4036.821 6.1445 0.0176
Filter

Least Squares Means Table

Level Least Sq Mean Std Error Mean
0.1 Mott  103.16091 5.4646958 103.161
0.1 Pall  122.31773 5.4646958 122.318

* Values less than 0.05 indicate statistically significant effects
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Table B-3. Statistical Analysis of Graver and 0.1 um Mott Media.

Response Flux

Whole Model

Summary of Fit

RSquare 0.775697
RSquare Adj 0.752692
Root Mean Square Error 23.68235
Mean of Response 111.5443
Observations (or Sum Wgts) 44

Analysis of Variance

Source DF
Model 4
Error 39

C. Total 43
Lack Of Fit
Source DF
Lack Of Fit 31
Pure Error 8

Total Error 39

Sum of Squares
75643.413
21873.294
97516.706

Sum of Squares

Parameter Estimates

Term

Intercept

TIS

TMP

Vel

Filter[0.1 Mott]

Mean Square
18910.9
560.9

Mean Square

11126.270 358.91
10747.024 1343.38
21873.294
Estimate Std Error t Ratio
27.39599 17.59026 1.56
-12.69499 1.69608 -7.48
8.5259228 5.886187 1.45
35.334144 4.18643 8.44

-8.383409 3.570249 -2.35
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F Ratio
33.7180
Prob>F"
<.0001

F Ratio
0.2672
Prob > F’
0.9964
Max RSq
0.8898

Prob>|t["
0.1274
<.0001
0.1555
<.0001
0.0240



Table B-3. Statistical Analysis of Graver and 0.1 um Mott Media (continued).

Effect Tests

Source Nparm DF Sum of Squares F Ratio Prob>F"
TIS 1 1 31421.117 56.0237 <.0001
TMP 1 1 1176.696 2.0980 0.1555
Vel 1 1 39953.146 71.2363 <.0001
Filter 1 1 3092.388 5.5137 0.0240
Filter

Least Squares Means Table

Level Least Sq Mean Std Error Mean
0.1 Mott  103.16091 5.0490939 103.161
Graver 119.92773 5.0490939 119.928

* Values less than 0.05 indicate statistically significant effects
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Table B-4. Statistical Analysis of 0.1 um Pall and Graver Media.

Response Flux

Whole Model

Summary of Fit

RSquare 0.759814
RSquare Adj 0.73518
Root Mean Square Error 26.51919
Mean of Response 121.1227
Observations (or Sum Wgts) 44

Analysis of Variance

Source DF Sum of Squares Mean Square
Model 4 86765.18 21691.3

Error 39 27427.44 703.3
C.Total 43 114192.61

Lack Of Fit

Source DF Sum of Squares Mean Square
Lack Of Fit 31 14179.280 457.40
Pure Error 8 13248.155 1656.02
Total Error 39 27427.435

Parameter Estimates

Term Estimate Std Error t Ratio
Intercept 29.523339 19.69735 1.50
TIS -13.19305 1.899249 -6.95
TMP 6.0132893 6.591277 0.91
Vel 40.381227 4.687911 8.61

Filter[0.1 Pall]

1.195 3.997919 0.30

54

F Ratio
30.8436
Prob>F"
<.0001

F Ratio
0.2762
Prob > F’
0.9956
Max RSq
0.8840

Prob>|t|"
0.1420
<.0001
0.3672
<.0001
0.7666



Table B-4. Statistical Analysis of 0.1 um Pall and Graver Media (continued).

Effect Tests

Source Nparm DF Sum of Squares F Ratio Prob>F"
TIS 1 1 33934.940 48.2532 <.0001
TMP 1 1 585.337 0.8323 0.3672
Vel 1 1 52182.016 74.1994 <.0001
Filter 1 1 62.833 0.0893 0.7666
Filter

Least Squares Means Table

Level Least Sq Mean Std Error Mean
0.1 Pall 122.31773 5.6539108 122.318
Graver  119.92773 5.6539108 119.928

* Values less than 0.05 indicate statistically significant effects
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Table B-5. Statistical Analysis of 0.1 um Mott and 0.5 pm Mott Media.

Response Flux

Whole Model

Summary of Fit

RSquare 0.708038
RSquare Adj 0.678093
Root Mean Square Error 23.26767
Mean of Response 103.0682
Observations (or Sum Wgts) 44

Analysis of Variance

Source DF
Model 4
Error 39

C. Total 43
Lack Of Fit
Source DF

Lack Of Fit 31
Pure Error 8
Total Error 39

Sum of Squares
51203.640
21114.000
72317.640

Sum of Squares

Parameter Estimates

Term

Intercept

TIS

TMP

Vel

Filter[0.1 Mott]

Mean Square
12800.9
541.4

Mean Square

12165.153 392.42
8948.846 1118.61
21114.000

Estimate Std Error t Ratio

25.594162 17.28226 1.48
-10.31095 1.666382 -6.19
9.454631 5.78312 1.63
30.118288 4.113126 7.32
0.0927273 3.507734 0.03
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F Ratio
23.6448
Prob > F"
<.0001

F Ratio
0.3508
Prob > F"
0.9830
Max RSq
0.8763

Prob>|t["
0.1467
<.0001
0.1101
<.0001
0.9790



Table B-5. Statistical Analysis of 0.1 um Mott and 0.5 pm Mott Media (continued).

Effect Tests

Source Nparm DF Sum of Squares F Ratio Prob>F"
TIS 1 1 20727.841 38.2867 <.0001
TMP 1 1 1447.007 2.6728 0.1101
Vel 1 1 29028.352 53.6187 <.0001
Filter 1 1 0.378 0.0007 0.9790
Filter

Least Squares Means Table

Level Least Sq Mean Std Error Mean
0.1 Mott  103.16091 4.9606846 103.161
0.5 Mott  102.97545 4.9606846 102.975

* Values less than 0.05 indicate statistically significant effects
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Table B-6. Statistical Data for tests performed at 35 °C.

Response Flux@35C

Whole Model

Summary of Fit
RSquare

RSquare Adj

Root Mean Square Error

Mean of Response

Observations (or Sum Wgts)

0.820902
0.805977

0.013713

0.082455

Analysis of Variance

Source DF
Model 5
Error 60

C. Total 65
Lack Of Fit
Source DF
Lack Of Fit 48
Pure Error 12

Total Error 60

Sum of Squares

66

Mean Square

0.05171385 0.010343
0.01128251 0.000188
0.06299636
Sum of Squares Mean Square
0.00946784 0.000197
0.00181467 0.000151
0.01128251

Parameter Estimates

Term

Intercept
Filter[0.1 Mott]
Filter[0.1 Pall]
TIS

TMP

Axial Velocity

Estimate
0.0464884
-0.008275
0.0056855
-0.010435
0.0004765
0.005067

Std Error t Ratio
0.008329 5.58
0.002387 -3.47
0.002387 2.38
0.00076 -13.72
0.000192 2.48
0.000614 8.26
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F Ratio
55.0025
Prob>F"
<.0001

F Ratio
1.3044
Prob > F’
0.3196
Max RSq
0.9712

Prob>|t|"
<.0001
0.0010
0.0204
<.0001
0.0159
<.0001



Table B-6. Statistical Data for tests performed at 35 °C (continued).

Effect Tests

Source Nparm
Filter 2

TIS 1

TMP 1

Axial Velocity 1
Filter

Least Squares Means Table

Level Least Sq Mean
0.1 Mott  0.07417999
0.1 Pall  0.08814002
Graver 0.08504363

* Values less than 0.05 indicate statistically significant effects

DF

Sum of Squares

0.00236471
0.03542117
0.00115782
0.01282412

Std Error

0.00292363
0.00292378
0.00292363

Mean

F Ratio
6.2877
188.3685
6.1573
68.1982

0.074318
0.087864
0.085182
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Prob > F’
0.0033
<.0001
0.0159
<.0001
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Appendix C
Variation Testing

Water Flux
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Table C-1. Pristine Water Flux (Graver 0.07 pm).

Appendix C

Variation Testing

Water Flux

Pristine Water Flux
Graver 0.07

Membrane | Clock Time| Cumulatve Tene | Time | Pesmeste Volume | Permeate Flowrate| TMP | A% [Inlel Pressure | Oullet Pressure| Permeate Pressue |Della P| Ternp [Fillsate Flux| Temp Adjusted Fluz
Numbar i inutes) allone] i e i (psig) (psig) | (psid) | *C (adjusted to 35 C)
AD.07 2:00 na 0244 0012 0.054 10 Fi 10 10 a 10 i 0.276 0.292
A0.07 230 na 0.153 0013 0.067 W | 7 i) ] [ 20 |73 | 044 0.457
A7 Y] it [T [IITIE] (NP | 7 ETl 1] i ETEN I T [T
AD.07 330 na 004 0012 0.15a a0 ki 41 40 a 05 [ % 0.003 0.701
A007 400 na ooen 0oz 0192 =0 Fi =) 0 1} 0 ] oare 0899
B0 1210 nat (7] 3 0073 m | 7 12 10 i 1| 7 | oam [I¥IE]
B0.07 12:40 na 0115 0012 0115 20 ki 22 20 a 21 n 0.587 0632
B0.07 1:10 na 007e 013 L17E 30 Fi Erd 0 3 2 .B31 L.NT
B0 140 it i1 m3 FET] an | 7 47 an a4 F 7a 141
G007 =0 na 0047 [iiE] 2 &0 | 7 57 =0 3 ] ER Eil]
c0.07 &850 na [v).:] 013 045 10 Fi 10 10 1 21 FEE] 261
c0.07 20 na oagr 0oz 0.071 0 Fi i) 0 1] 20 0 030 0392
[ 7ED it 0154 [IIEIE] [ | 7 ET] 1] i W | | o&m [FET]
c0.07 820 na R 002 0.094 a0 i 41 a0 a 05 [ 2% 0477 0.464
c0.07 850 na 0120 03 o 50 Fi 51 0 1] e -] 0582 0502
L7 EET] it 021 [IITIE] 11145 m | 7 10 10 i W_| 7 | oo (]
00.07 10:00 na 0144 0012 0.092 20 i 20 e a 20 2 0.460 0.496
00.07 10:30 na o0 0z 0135 0 I Ell 0 a 0E [ M OEs2 0702
L7 1m0 it 0073 [IITIE] [INL1] an | 7 a0 an i | w | oum [
00.07 11:20 na 0057 002 0.232 1] ki 52 =] a 50 ] 1184 1.060
ED07 10:45 na 0314 0.0E 0.0sn 10 Fi (1] 10 1} 10 1 0.257 0.357
ED07 118 na 0154 0oz 0.08s 0 Fi 20 0 1} 20 rd 0437 0414
E07 14 nat 0104 [IITIE] NP | 7 3 1] i ETEN I T [E)
E0.07 1215 na [v]1:2x) 002 0.142 a0 Fi 40 a0 a 40 -] 072 0.646
E0.07 1245 na 0112 0013 0118 0| 7 0 =0 i T 0.504 0511

Table C-2. Conditioning Sequence (Graver 0.07 um).
Conditioning Sequence
Graver 0.01 (0.01M NaQOH)

Muernbrane | Clock Time | Cumulitve Tene | Time | Pesmeate Volume | Permeate Flosate] TMP [ A8V [inled Prossare | Outlot Pressun: Fillrate Flun| Temp Adjusted Flux
Number minues) inutes) allone] i e i (psig) justed to 25
AD.07 725 na 129 0012 0.0z 30 9 | 20 0521 0.507
B0.07 12:45 na or0ee 0z 0.152 0 ] Erd 0 0T 0753
(BT 215 nat 0214 3 [ 0| 8 Ex] 1] 0314 314
00.07 750 na VR (1] 0012 0130 30 9 a2 1] 0663 0662
E007 | 103 na 0213 0013 0.062 | 9 El] El] 0316 033

Conditioning Sequence
Graver 0.01 (1.0M HNOg,

Mernbrane | Clock Time | Cumulative Time| Time | Pemeste Volume| Permeate Flowrate| TMP | AV |inlet Pressure| Outlet Pressure |Filirate Flux|

Numbar hinue: Frinistos] allon: ain)| (ftisec i [psin)
A7 EIT] it 0075 [IITIE] 0177 ] ] ET] El] =]
B0.07 120 na 0066 0012 0.201 30 9 ] 20 1.02
c0.07 280 na 0res 03 0192 0 ] N5 0 0a8s
D07 8% na 056 nm3 11154 0| 8 7l 1] 0784
E0.07 11:25 na 0113 0013 0117 0 9 Ell 20 0.55%
Conditioning Sequene
Graver 0.01 (0.5M Oxalic Acid)

Murnbrane | Clock Time | Cumulative Tene | Time | Perneate Volume | Permeate Flowrate] TMP | AV [inlel Prissure | Outlet Pressone | Permeate Pressoe | Detia P Torop [Filivate Flus ) Temp Adjosted Flux
hlumbar i i lon i i (psig) (psig) | ipsid) | ¢ it justed to 25 ]
A0.07 845 na 0021 0012 0.162 0 ] El 0 a 205 [ X5 0ge:3 0832
B0.07 1:85 na ores 0z 0194 0 ] ] 0 i} 3NE [ 0090 0.290
(BT EE1] nat 0075 3 0177 0| 8 Ex] 1] i ETEN I T [F=E]
00.07 =3.1] na 0050 0012 0.150 30 9 a2 1] a 3 24 0.765 0.707
ED07 1230 na 01 03 0.121 30 ] Ell 0 1] s [ X OEIE 0E1E
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Table C-3. Repeated Water Flux (Graver 0.07 pm).

Repeated Water Flux
Graver 0.07
Membrane | Clock Time Fenmeale Flawrale] TMP | ¥ |Inlel Pressure] Oullet Pressure] Permeate Fressure | Oelta P] Termp | Filrate Flx] Temp Adjusted Fluz
Number i &) i (psig) (psig) | (psid) | *C justed to 25
A0.07 226 na 0220 0012 0.05a 10 7 10 10 a 10 21 0.256 0.301
A0.07 255 na 0.128 0013 0103 P 05 0 0 2025 [ 21 0526 0.589
ADF Py it [ [TE] 1149 30 7 Ell ET] 1l ETEN IF] 070 ]
AD.07 10:55 na 0060 0012 0.220 a0 Fi il 40 a 405 [ 24 1118 1151
AD07 11:28 na 004E 0oz 0.285 =0 Fi 0.5 0 a 025 | o7 1.452 1.373
BT 23 it 0176 [EE] [ 10 7 12 10 1l | 0382 [EF]
B0.07 200 na 0104 0012 0.1 20 Fi 22 20 a 21 21 0650 0.728
B0.07 :30 na 0res 013 200 0 Fi 2 0 El X 017 .108
BT T3] it nag m3 Fi7] an 7 7 an 41| o] ]
BO07 0 na [alES] [i]E] EEH &0 | 7 51 =0 05 | 71 7
c0.07 A0 na Q187 013 .071 10 7 2 10 11 X . 360 415
c0.07 440 na [N ] 0oz o1 20 Fi 2 0 o 21 21 0EM 0673
CAL7 510 it [T [NE] 175 30 7 E7] ET] ] ET IF] =] Eq]
c0.07 &40 na 0054 002 0.246 a0 i 42 40 a a1 % 1.254 1.254
c0.07 710 na 0043 0z 031 50 I 52 0 a £l ol 1583 1.497
DAL7 00 it ¥ [EE] [ 10 7 12 10 ] | 0305 [E=H
00.07 10:20 na 13 0012 0102 20 7 21 20 a 205 [ 21 0.540 0614
00.07 11:00 na or0ee 0z 0.154 0 I Erd 0 i} 3 ] 0784 0.830
DAL7 1130 it i) [TE] 7 an 7 47 an 1l 4| = 1900 1100
00.07 12:00 na 0046 0012 0.207 50 Fi 52 2] a 51 i 1.463 1.346
ED07 1:30 na 0232 03 0.047 10 Fi (1] 10 1} 10 e 0238 0.275
ELD.07 200 na 0154 03 0.0 0 Fi 2 0 o 20 21 0.437 0.483
E07 23 it 0w [TE] 1124 30 7 ET] ET] 1l A [i=1] 1
E0.07 200 na 0076 0012 0,175 a0 Fi 41 40 a 05 [ 25 0.083 0.002
ED07 330 na 00ss 003 0233 =0 7 £l 0 1] s | 3 1.216 1118
Table C-4. Final Water Flux (Graver 0.07 pm).
Final Water Flux
Graver 0.07 (Following SrCOs Flux)
Meenbrane | Clock Time| Cumulitve Tene | Time | Perrmeate Vol TMP | AW [t Prossare] Outlit Prissun] Parmeate Prgsune | Dela B Tomp | F it Fus] Tomg Adjusdied Flux
| umber 1 i (psia) M.I.Il_L(mﬂ] L. il I
ADD7 | 220 na 0311 0013 0.042 w7 10 10 0 0 [ 19| o026 0.257
ADIF FET] it 0155 [TE] [ ] 7 ] ] 0l I T 0453 [T
AD.07 320 VR (1] 0012 0131 0 Fi 0 1] a 20 21 0670 0.751
AD.07 250 oorr 013 171 4 Fi 405 395 A n LB72 .950
ADIF 4 i) m3 25 &l 7 [T EIE = o [ [
BO07 FF) 0300 [iE] 44 1 7 10 n 1 # 235 2
B0.07 2:50 "R 7] 013 005 s 7 19.5 205 X 21 430 491
B0.07 320 0104 0z 0137 0 I 05 305 i} ] n DE4E 0.704
BT EET] it 07 [TE] 172 an 7 L 205 1l T 7 (L] [E=H
B0.07 420 na 0060 0012 0.220 50 Fi 49 51 a &0 ] 112 1.107
c0.07 258 na 0232 0oz 0.047 10 Fi 1] 10 a 0 ] 0219 0.260
CAL7 35 it 0140 [EE] TS ] 7 ] ] 1l I T 0,482 1557
c0.07 255 na 0.0E7 0012 0.152 30 Fi 0 20 a 20 21 072 0.665
c0.07 425 na o3 oMz 0.202 40 Fi an.5 395 1} 40 ] 1.063 1,128
c0.07 455 na [ulaf ) 03 0.271 =0 I 205 495 i} 0 x 1383 1.345
DALT 210 it [EZ]] [EE] 1041 10 7 10 10 ] | 19 0210 [P0
00.07 2:40 na 0158 0012 0.003 20 7 20 20 a 20 20 0422 0.407
00.07 210 na 0103 0oz 0122 0 Fi 0 0 o ] 21 DESS 0738
D7 340 it 0ia [NE] 0177 an 7 ans B2 ] T ] =2 [E=H
00.07 4:10 na 0.056 002 0.204 1] i 51 43 a =] - 1.195 1.195
.07 :E5 na 0352 013 032 1 I 1] 10 i 19 191 . 207
7 o it 0186 m3 071 o 7 F] il A 19 361 [F]
EO07 4 na 0176 [i]E] 105 E 7 E1l 95 E N i) FH
E0.07 0:25 na 00 013 142 A Fi 0.5 0.5 A ] L7235 767
ED07 10:55 na oo 03 0.167 =0 7 0.5 495 1] 0 2 0gs2 0852
Table C-5. Pristine Water Flux (Mott 0.1 um).
Pristine Water Flux
Mott 0.1
Curnulstive Timi Tirme Ouwtlet Preseure | Permeate Prezsure [ Delta P| Temp | Filtrate Fiue | Temp Adjusted Floe
i {i] [psin) Apsig) fpsad) | G [udjustied 1o 36 C)
[ m | 7 0 10 0 W | & 1776 0776
na 20 7 19 20 E] 165 | 24 1625 1671
na ] 7 ] 0 4 26 24 2.204 2350
na 40 T 41 40 E 345 | 2900 2982
[ ETH &1 ] 10 a5 | 24 EEIE] 3476
na 0| 7 10 10 [i] 0| a4 0.937 0.564
na 20 L 1] 20 ] 17 24 1.033 1.806
na 0 T 0 0 5 5 = 2592 2502
[ 0 |7 1 an B EF I EFEH EFzH
na 0 7 50 12 0.5 7] 1713 610
na 1] L 0 10 1] 0 x] 0.043 .89
na 0 T 3 20 165 | M 1631 1.678
[ ET 1] ET] | M FEF] 2491
na o | 7 ] an EF I 147 3142
na 0 L 2] 1 05 | % 621 3.5
na o T o 1 10 24 0.971 0.998
[ i il A 17| 24 THE 1564
[ - 1] E 24| 5 2766 2766
na 0 L 0 A [ 25 J.557 557
na i) T 51 0 14 kS | X 4110 399
[ m | 7 0 10 ] m_| @ 11564 1081
i . il il 3 7| = T HES 15/
na ] L ] 0 5 2% 25 J.148 Jd.148
na 40 T 40 40 10 30 % 3542 3542
[ | 7 &1 ET] 14 365 | 5 EEE:] EE:]
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Table C-6. Conditioning Sequence (Mott 0.1 pum).

Conditioning Sequence
Mott 0.1 (0.01M NaCH)

Membrane | Clock Time | Curnulstive Time | Time | Permeste Violume | Permeste Flowrate| TMP | AV [Inlet Pressure| Outlet Pressure | Permeate Pwsww]ﬁsha? Temp | Filtrate Flux] Temp Adjusted Flux
Murriber rra inulis) allon i i [psig) o) {psad) {Pdjusted 1o 25 C)

bt
ADT FET] [ 0121 =] 0437 EN] 1] 3 2| o4 PR T
B01 1230 na 0105 0.052 0502 0 ] 1] 5 2% 2% 2556 2.556
Co1 230 na 0.119 0052 0445 1] a 0 4 % 24 2265 2330
001 8:00 na o0 0052 ) 30 a Ll E 245 | u 2842 2990
ED1 10 40 [ [T (=] [EZD ENEE] I 5 245 | 24 2 H64 =S
Conditioning Sequence
Mott 0.1 (1.0M HNO,)
Membrane | Clock Time| Curmulstive Time| Time | Permeate Violume| Permesie Flowesie| TMP | AV [inlet Pressure |Filtrate Flux| Temp Adjusted Flux
Hurnber i inutes allons] 5is s i b (adiusted to 35 C)
ADT HIB [ 0117 h: 0.453 EN] E7] & 24 2307
B01 105 na 0.100 057 0 ] ]l b 2% 2603
co1 305 na 0114 D4E6 0 2 0 s 24 2372 2440
D01 [ET : [ 0573 EHE] 315 ET] & 2475 | 24 FEF] 3004
E01 11 [ [E=3 E ] Ell 3 [ W | & 2HD =]

Conditioning Sequence
Mott 0.1 (0.5M Oxalic Acid)

Marbrane | Clack Tama] Curilative Time Brmnaata Wolume Pemeate Pmsaum]m P Temp | Filtrate Flx] Temg Adjusted Flux

Murribor f o) fpsad) | G [ justied 1o 36 )
AT EET r] 26 | 24 | 206 2 %7
BO1 Tan 5 2% | % | 247 2877
co1 45 1 4 20 24 2,361 2428
001 [ na 0.0 0053 0.5:0 9 el ] 45 24 2854 2935
E01 1075 e 01n (] 051 : : El A 245 | 28 | k4B 2724

Table C-7. Repeated Water Flux (Mott 0.1 um).

Repeated Water Flux
Maott 0.1
Clock Time | Curmulative Tim Time | Permeste Volume| Ouwtlet Preseure | Permeate Prezsure [ Delta P| Temp | Filtrate Fiue | Temp Adjusted Floe
i) L) {i] [psin) Apsig) fpsad) | G [rdjusted 1o 26 C)

435 ] 0158 n ¢ mn 1o 1] i) 2 11 815 [ 5%

10:05 na 0.1 20 7 20 20 o 20 24 1.507 1632

10:35 na 0464 ] 7 ] 0 3.5 265 | 24 2.361 2429

11:05 na 053 40 T 405 40 I BB M 2058 3042

13 e 0 76k &0 ¢ a1 Al " k) P 3901 4M3
na 0.180 10 i 10 10 a 10 24 0.919 0.945
na 070 20 L 20 ] 17 24 1.002 1.906
na 05% 0 T 0 0 s s 24 BTS2 L TS5
] 0B 1 ¢ 1 A0 g 3 24 3407 3 805
na 0on 0 7 50 12 5 | 2 131 | 24
na 0162 1] L 0 10 1] 0 2 024 847
na 034 0 T ] 0 o 20 24 1.750 1.800
e 0 &0 @ ¢ kil 3 4 .} & 2 AE8 273
na 0AY 0 7 40 a0 746 25 2 3324 A316
na 0.73 0 L S0.5 2] 1 2925 | 2 A.747 1,865
na 0.3 o T 1 1 10. 24 1128 1158
] 041 an ¢ ) X 17 24 2087 2148
el 0553 30 7 -] 3 24 24 2843 2925
na 077 063 0 L & A 1 0. 2 J.401 3.501
na L0E2 Og48 i) T s 0 14 35| X 4318 4318
e 244 on? n ¢ 12 1o 0 11 24 1106 1138
[ 135 03493 1 ¢ i Al -] 175 4 200 2 08H
na 027 0544 ] L ]l 0 b 245 | 2 2770 2,850
na oo7e OE™ 40 T 40 40 10 30 24 3557 3659
] 0055 o087 1) ¢ &0 Al 14 36 2 4163 42

Table C-8. Final Water Flux (Mott 0.1 pm).

Final Water Flux
Mott 0.1 (Following SrCQO; Flux)
Membrane | Clock Time| Cumulstive Time | Time | Permeste Yolume | Permesate Flowrate| TMP | AV |inlet Pressure| Outlet Pressure | Permeate Pressure ‘-Daha P Temp | Temp Adjusted Flux
Hurnber utes) inutes) 5i sac] (psig) (psig) | (peid) | *C (Adjusted to 35 C)
A01 2:45 na 0.23% . 0150 10 f 10 10 1] 10 24 0.6a7
A01 I15 na 0179 0.2% 2 7 2 20 o 20 24 1.551
A 345 na 135 03 0 T -] ez ] 30 2 2.108
AD [ 3 [E] 0 |7 5 a5 | = 2978
] na (i) 0672 @ 7 ] ] 0| 2 350
B0 na .240 0220 0 f 10 10 10 2 1154
0. na 140 orr 0 T ] 0 1] 20 24 975
0 : [ ] (=] @ | 7 £l E 7 | & EFZ1]
i] 23 o [ [LEs] 1 7 ) £ 18 W | & [
0. ! na .070 1130 0 L 2 72 ] 50 .7} 635
c0. ) na L2250 021 o T (1] 10 10 4 1107
C. a2 [ RF] 0.41 D[ 7 FE] FZ] 20 | 24 2143
[H1] 250 i [ iR @ 7 £ 3 T 256
C0. 55 na 106 0.74 0 f 50 50 1 40 4 EE]
(1K 75 na ope3 0.8 50 T BT E7 17 =0 % 478
001 20 na 0.7 0255 1] T (1] 10 o 10 24
[iliK] FET] [ 0104 [ET] i 24 4 4 | 24
001 320 na 0073 077 0 L E:] o] 9 0 2%
001 350 na 0.055 0.850 40 T 55 55 15 40 2%
00, 42 na 021 1159 50 T bi-] 76 6 E 7
EQ 3 i FE] [iF=7] m | 7 0 10 ] 1 24
EQ o na 1= 045 @ | 7 FE] A k] F FE]
EQ. 2, na .00 0637 ] 7 Erd g 7 X 23
EQ1 10:00 na 00e3 0B 40 T 53 £ 13 40 2
EO1 [ET i 016 1 e 2| 7 70 71 ] B0 | 24
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Table C-9. Pristine Water Flux (Mott 0.5 um).

Pristine Water Flux
earnbrane [ Clock Time) Inlet Prazsura| Cutlat Prassurs| Temp | Filtrata Flus| Temp Adjuztad Fhus
i ’c il
ADS 10:45 10 19 | 2014 231
AD. L5 21 0| 31w 3616
A 1] 22 | aan =
A i) 28 | Biad V=1
A, 50 Fil 5.6 530
005 10 13 1.053 2.0
B0 1] 13 058 681
B E1] 2 E=A] 352
H a 24 =] HIZ
B0 50 ] 506 R
0. 11 13 034 A7
[eil 21 il 053 5
[ E] 2 004 428
C a0 24 704 ]
Ci5 ; i) % | Goen G211
0. ria 072 [ 10 13 25 ¥i5]]
005 na 0.073 i) 1] ;| 3319 3829
00 na 073 2 0 pr. 4170 4541
] [ 179 47 1] 24 4HH 4974
] i 179 52 £l & 5372 W]
E0. ria 072 ? 11 1 1.065 2002
E05 nia 0.072 13 i 19 | A 3640
E0S na 0.079 2 0 20| 3 438
E05 s 0050 0079 0584 ] a0 2| 450 4904
E05 i [AITE] [E] 1063 49 &1 2 | &&18 5 A19
Table C-10. Conditioning Sequence (Mott 0.5 um).
Conditioning Sequence
Mott 0.5 (0.01M NaOH)
Clock Time| Cumulative Time|  Time | Pe Parmeate [ lowrate] mm Inlet Prezsure] Outlet Pressure] Fermeate Pressure Temp | Filtrate Flus| Temp Adjusted Flux
i | (i allans) g (psig)] (Afse pig) {psigh i | tgerary

15 na 055 073 3% 0 3 2 0 4258 258
5145 na 107 073 741 30 F:] 30 18 ENIT] 110
] i 12 179 I 1] ] 1] 17 SHE I
020 na 05 073 757 ] =] 1] a0 ETi=] 20
100 ria 102 072 TG Ei] ] ] 1a 22 | 882 ]

Conditioning Sequence

Mott 0.5 (1.0M HNO3)

Membrane | Clock Time| Cumutative Time| Time | Permeste Volume| Permeate Flowrate| TMP [ AV inlet Prezgure| Qutlet Pressure| Permeate Pressure | Delts P| Temp [ Filtrate Flus| Temp Adjusted Flux
Hurnber i {rnin} allons; i sac] i Apsigh (psig) i) | °C 21ed to 35
AlS EES i [iI=H [TE] T W | 9 ET] ] ] W | 2 | 41 FRTT]
645 : ria 0102 0.07% 0770 £l ] F:] 0 1a 16 | 22 | 3% 1318
a5 6:25 ria 0.106 0.072 0745 0| 8 -] 0 13 05 | 22 | a7er 1135
005 10:55 na 0.100 0.079 0795 M| 9 2 0 1] 95 | 2 | 4051 4412
E05 135 i 0100 0079 0757 El 7] E1] ] M| 23 | 408 1295

Conditioning Sequence
Mott 0.5 (0.5M Oxalic Acid)

Membrare | Cleck Time | Comuatve Time | Time [ Permeate Volume | Permeate Flowrate] TMP [ A [inlet Pressure| Outlel Pressure| Permeate Pressure | Delta P Temp | Fillrte Flus| Temp Adusted Flux
Murnber i i allans; i sac] i {psigh i id) | *C s1ed to 25
ALS ria 0.095 0.07% 0.033 x| 5 KTl F:] Fil 9 | 4.243 1.364
605 ria 0.107 0.07% 0741 o ] ] 0 13 105 | 23 | 374 3.0
[ na 0.105 0.079 0758 ] 2 0 18 115 [ 22 | 3664 4208
005 na 0105 0079 0757 | 9 ] E1] 19 W0 | | ses 4201
E05 i 0w 179 01775 il ] ] 1] M 116 | 2 3957 (6

Table C-11. Repeated Water Flux (Mott 0.5 pum).
Repeated Water Flux
Mott 0.5
Clock Timea| Cumidatio Time Oudlat Prassura] Parmaate Prezsurs [Dalta P Temp [Fileata Flie] Temp Adjustad Flus

ADS 1:40 na T 10 5 3 13 | 229 273
AD. 220 na 7 20 14 75 |1 3451 4.100
A 260 i 7 1] 7] 95 | 2 4213 F¥7]
A EF] i 7 i) El] m_| = 55 £V
A, 350 ria 7 50 E1] 13| &% 5634 (]
005 9:05 nia T 10 3 [ 18 1.024 2212
B0 9.35 na 7 X 1 a 919 3571
B 10.05 i 7 : 1 3827 4416
H [iES i 7 Z 732 & (0
B0 1105 ria i E: A3 5 2
0. nia 7 [ . 1941 2375
[eil na 7 20 il 8. 13 Jit] 374

[ na 7 0 1 105 | 20 §iz] 473

C i 7 a Z 12 22 =3 % a4

Ci5 ra ; 7 &1 £ 15| 23 | Gear &7

0. ria X3 072 ] 0 | 7 11 [ G| 1 i 243,

005 na 0125 0.073 0632 0|7 13 21 12 [ 19 | 370 388
00 na 104 073 765 0|7 2 ET] . 10 3901 4502
] [ =3 179 11938 | 7 = a1 F 12 4778 & (57
] i 173 179 5] a1 | 7 43 £l 144 5619 5 Rall
E0. ria 130 072 418 o7 13 10 [ [ 218 2005
E05 nia 0.1% 0.072 0632 x| 7 Fx] ] 1 05 | 19 | 37 3023
E0S na 001 0.079 0762 0|7 Er] 20 0 6 |20 [ 3oms 4538
E05 s 0.059 0079 0.8% o 7 42 a0 7l 14| o | 4w 4.559
E05 i i) [E] 1149 w1 | 7 &1 £l 3 156 | 2 | &BA2 % B2

o
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Table C-12. Final Water Flux (Mott 0.5 pum).

Final Water Flux
Mott 0.5 (Following SrCO; Flux)
Membrane | Clock Time| Cumulative Time| Time | Permeate Vaolume | Permeate Flowrate| TMP | AW Pressure| Ouilet Pressure| Permeate Pressure  Delta | Filtrate Flux| Temp Adjusted Flux
Humbis inuts) inutis) i ig)| (5o i {psin) [psin) st Lo 25
AlS [T it [IkEA [E] 11474 w7 S5 105 & & 207 2431
AQS 2.0 na 0110 0.072 0675 F.1] I 19.5 205 13 7 436 3052
AQS nia 0.0, 0.072 0.602 1] 7 295 05 21 ] A.005 A.324
A g 025 .07 .932 40 T 405 x 1 4750 4750
A i =] 075 A7 80 | 7 3 505 = 12 5957 5450
H i 179 (1) 1444 10 7 95 2 2,562 2 EEH
B-0. nia 121 .07 | 650 2 7 0. 195 1 5 2.351 06T
005 nia 0.100 0.072 0.797 1] 7 0.5 295 2 7 22 4.050 4.418
B-0. g 024 .07 044 40 T A0 8L il a 25 4 807 4 807
] it 1175 (2] =] B | 7 & 55 E7] I 5 R[]
C it 172 [IE] [EL] w7 1 & [ 2 19 2343 2784
[} nia 121 .07 654 2 I 0. 95 15 5 20 3.30 3045
C0.5 na 0094 0.072 0.042 0 T 0.5 295 n T 22 4.200 4670
XX g 079 .07 003 40 T 40.5 1L -] 4 £ 5257
C it =] [IE] 163 80| 7 51 Z] X | & | &94 5754
] il £ (] [EE] I I ] 1 2 B Bl Pl 2473
D0 nia 1121 .07 657 2 I 19 i a 1 2.6 751
005 Fig o0m 0.072 0.793 30 T 2 3 e 10 ] 4072 4434
L. g 024 .07 044 40 T 05 405 ] 1 25 4 807 4 807
] it 1174 [IE] ] 80| 7 ] &1 Ed 13 8 | b4 5153
E it 152 [iE] anz 0| 7 0 ] 5 2 Z 047 Zom
E0: na 087 .053 605 1] I 19 2 11 D 21 2.002 3455
E05 Fig 00ea 0osz 0.762 30 T 2 30 19 05 | 23 381 4129
EQZ g o.oer 0072 0902 40 T ] 40 2l 125 | 25 48213 4823
ENS it [iIH [TE] 1108 | 7 &) £l E] 15 | @ 5 A7 53400

Table C-13. Pristine Water Flux (Pall 0.1 um).

Fristine Water Flux
Pall 0.1
Membrare | Clock Time Oublet Pressure| Permeate Pressue | Fillrale Flux| Temp Adjusted Flux
Humber (psig) i | (psid) | *C (adjusted to 35 C)
ADA 10:40 na 0.2 0012 0.044 10 7 25 10.5 a 10 20 0.206 0.238
AD1 110 na 0144 0z 0.0a2 0 I 19 0 i} 195 [ 21 0.426 0.478
AT 1140 it 2] [TE] [NES] 3| 7 2 308 1l E T 70 T [
ADA 1210 na oo 0012 0.107 a0 Fi B5 40.5 a 40 ] 0073 0.924
AD1 12:40 na oosr 0oz 0.231 =0 Fi 495 505 a £ 24 1.076 1107
BIL1 Bd5 it [E7] [EE] 1041 m | 7 12 10 1l n_[ =N 0181 14
B0.1 715 na 0163 0012 0.001 20 Fi 23 20 a 215 [ 2 0377 0.423
BED. T4S na 011E 013 114 0 Fi EE 0 35 [ 2 533 580
B 815 it [ m3 149 an | 7 & an 45 | » [ a7
] B4 na 00 [i]E] 168 &0 | 7 5 =0 515 | 24 [iFd EiH
L. 1:30 na 0256 013 045 10 7 1 10 10 21 200 233
01 200 na 0154 0oz 0.0ss 20 T 19 0 o 195 [ 21 0.400 0.448
[EK] 23 it 0116 [NE] 1114 30| 7 = ET] ] P I 579
co.1 200 na 0080 002 0165 a0 i ] 40 a 05 [ 23 0.760 0.812
(1] 230 na 00ed 0z 0.207 50 I 43 0 a 495 [ M D.0e7 0294
[T 940 it [F=] [EE] [T m| 7 13 10 ] [ ] 034 [FH
001 10:10 na VR Ef 0012 0.094 20 7 23 20 a 215 [ 0437 0.420
001 10:40 na 010 0z 0.130 0 I Erd 0 i} % n 0B 0E5T
DA 1110 it [ [TE] 0177 an | 7 47 ] 1l 31| 7 | oem &
001 11:40 na 0058 0012 0.226 50 Fi 53 2] a 515 | M 1.062 1.082
ED.1 740 na 0= 03 00 10 Fi L] 10 1} 95 21 0181 0.181
ED1 210 na o1z8 03 0.07 0 Fi 19 0 o 195 [ 21 037 0.387
EL1 B840 it [RF=] [TE] [N 30| 7 = ET] 1l P P T 1546
ED.1 210 na 0uosd 002 0.141 a0 i ] A0 a 05 [ 22 0655 0.713
ED.1 940 na oo7 003 0.187 =0 7 49 £1 0 0 ] 0873 0.924
Table C-14. Conditioning Sequence (Pall 0.1 um).
Conditioning Sequence
Pall 0.1 (0.01M NaOH)
Marntrane | Clock Time| Comuladve Tene [ Time [ Pesrnesate Volume| Permeate Flosrate] TMP | A% [inlet Pressure | Outlet Pressune | Permieate Press | Fillrate Flun Adjusted Flux
Humber min (gallons) i e i (psig) i | (psid) (adjusted to 35 C)
ADA &85 na Q217 0012 0.061 30 9 2 20 a 0.284 0.292
BD.1 430 na 0150 0z o.0s2 0 ] 2 0 i} 25 [ M 0.4 0.421
[EK] (1] it [EIT] [TE] =] 3| 9 34 ET] 1l @™ |7 | oie [H
001 11:50 na 0153 0012 0.005 30 9 2 1] a 25 | X% 0.402 0.402
ED1 11:50 na 040 0oz ooz 0 ] Ex] 0 1} 3NE [ B 0154 0.154
Conditioning Sequence
Pall 0.1 (1.0M HNO;)
Membrane | Clock Time| Cumulative Time| Time | Permeste Volume | Permeate Flowrate] TMP | AV JInlet Pressure| |Filtrate Flux| Temp Adjusted Flux
Humbar {miri) i allon: i 1 i justod to 26
AT T [0 [EE] 11147 3| 9 = (=3 [
B0.1 S:00 na 0106 0012 0,125 30 9 2 053 0.501
01 T na o0 03 0.142 0 ] L] ODEsE 072
[IXTK] 1225 it [ [TE] 1141 30| 9 = =5 =
EQ1 1225 na 00 0013 0143 0 9 et 0655 0665
Conditioning Sequence
Fall 0.1 (0.5M Oxalic Acid)
Murrbrane | Clock Time | Cumulatve Tene| Time | Prneate Volume | Perneate Flowrate] TMP [ AV [inlel Prissare | Outlet Presson | Permeate Pressoe | Detia P| Teeop [Filfsate Flus) Temg Adjosted Pl
hlumber mir] i) (gallonz) i i (psia) i | (psig) | it j
AD1 815 na 0020 0012 0.147 0 ] 2 0 a 295 | X5 DEBS 0.685
BD.1 &30 na oior 0z 0124 0 ] 2 0 i} 25 [ X5 0576 0.57e
[EK] EED] it [ [TE] [RES] 3| 9 <] ET] 1l 315 | 23 | ORI =3
001 1:10 na 00ss 0012 013 30 9 e 1] a A5 [ 2% 0640 0.648
ED.1 1:00 na [ullns:) 03 0135 30 ] el 0 1] 3E [ X5 0E3 0630
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Table C-15. Repeated Water Flux (Pall 0.1 pum).

Repeated Water Flux
Pall 0.1
Wermnrane | Clock Time] Gumalatve Teme]  Time | Fermeate volume| Penmeale Flowrale] TMP | A [Inlet Pressure] Dullel Pressure] Permeate Fressure | Oelta ] Tem | Fillrate Flus] Temp Adjusted Flux
Mumbar i i} allons] i ec] i (psig) (psig) | (psid) | justed 1o
ADA 855 na 0254 0012 0.052 10 7 ] 10 a 95 e 0.243 0.257
AD1 930 na 0130 0z 0.102 0 I 19 0 i} 195 [ 13 0473 0.501
AT M it [ [TE] [NES 3| 7 = ET] 1l M5 | M | n7d 1745
ADA 10:40 na 004 0012 0.207 a0 Fi ] 40 a T -] 0.964 0.964
AD1 1110 na 0052 0oz 0.257 =0 Fi 49 0 a 495 | 26 1.195 1.162
BIL1 Bd5 it [EZ] [EE] 11040 m | 7 ] 10 1l 95 | 7 | oiar 1498
B0.1 1] na 0160 0012 0.003 20 Fi 19 20 a 195 [ 23 0.385 0.407
BD. TEL na 0108 013 125 0 Fi 2] 0 25 [ M 581 587
B EET] it ne m3 170 an | 7 = an 3 ) 1791 a1
] I na 0061 [i]E] 5 &0 | 7 3 =0 495 | % [iE] 576
L. 210 na 0260 013 .051 10 7 k] 10 15 [ 21 237 . 265
01 940 na 013 0oz 0.0a7 20 Fi 23 0 o 215 [ 3 D454 0.480
[EK] 010 it niE1 [NE] 145 30| 7 <] ET] ] 35 | M | O6d (=]
co.1 10:40 na 0060 002 0.193 a0 i 43 40 a M5 [ 2% 0.801 0.201
(1] 110 na [ulid) 0z 0.245 50 I 5 0 a S15 | 3% 1.143 ANAT]
[T 160 it [P [EE] [T m| 7 ] 11 ] 0 |23 | oo 1725
00,1 20 na 0.130 0.013 0.055 Pl 13 0 i 195 | 20 | 0445 0471
001 250 na o0 0z 0.144 0 I 2 0 i} 25 [ M 0B 0.Es8
DA EF] it [T [TE] 115 an | 7 = an 1l M5 | 6 | 083 [E7E]
001 350 na 0055 0012 0.242 50 Fi 43 2] a 495 | 2% 1129 1.008
ED.1 1:35 na 02¢3 03 0.0sn 10 Fi 12 10 1} ns [ 23 0234 0.247
ED1 205 na o 03 0.004 0 Fi 23 0 o 2158 | 1 0.433 0.464
EL1 23 it [ [TE] 1137 30| 7 <] ET] 1l 35 | M | Oew EA?
ED.1 305 na 007l 002 0,101 a0 i 43 40 a M5 [ 2% oon 0.641
ED.1 -5 na 0o0sr 03 0.231 =0 7 53 £0 1} S15 | % 1.076 1.047
Table C-16. Final Water Flux (Pall 0.1 um).
Final Water Flux
Pall 0.1 (Following SrCO; Flux)
Meenbrane | Clock Time| Comulitve Tene | Time | Perrmeate Vol il Flawrate] TP | Ao Jiriet Privsgar] Oullot Pressurs] Barmieat P | Dt P T | Filits Fus] Tmp Adjustied Flux
Numbe i i (psia) (psia) (psig) | T j
AD1 1:30 na 05 0.008 0052 10 7 a5 0.5 1] 0 2 D246 0.275
A1 200 na 03 0 (6 0087 Pt i 1945 M E 0 Pt ral 0451 1 506
ADA 2:30 VR £ 0.006 013 0 Fi 2.5 0.5 a 20 ] 0644 0.701
AD. :00 014 026 187 4 Fi 95 405 A s LB72 923
A 1] [IKIE (i3] 34 &l 7 [T EIE ETIE N A 124
B 1] [il:53 [iF] 043 1 7 1 ] 1 Ei [E) ]
B0, B0 0,234 026 .079 s 7 1 139 A i 360 413
BD.1 220 0419 0053 0.128 0 I 35 85 i} ] n 0588 040
B 2E) it [EIL] =] [N an | 7 s 3BA 1l W | x| o 7
B0.1 320 na 0247 0.052 0.214 50 Fi 5.5 40.5 a &0 e ] 0.95% 1.054
0.1 1:38 na 0574 0.008 0.042 10 Fi a5 10.5 a 0 21 0215 0.240
[HK] FIC] it 0556 =] (=] M| 7 195 FiE 1l I I 0413 [ETE]
co.1 2.8 na 0413 0.053 0.1 30 Fi 2.5 0.5 a 20 n 0.55% 0.649
0.1 302 na 020 0.052 0.7 40 Fi 95 405 1} 40 0 0734 0885
c0.1 33 na 0251 0.053 0211 =0 I 495 50.5 i} 0 ] oos 1033
[T 145 it (=] [ 11045 m| 7 115 [ ] m_| N [iFF] 1
001 215 na 0559 0.052 0.020 20 7 15 105 a 20 21 0.418 0.460
001 245 na 08 0053 013 0 Fi 35 85 o ] frr] DE3 0Ea2
[IXTK] 315 it [ET:] [IE=E] 1174 an | 7 s 3BA ] | 7 | omz =]
001 345 na 023 0.052 0.225 1] i 5.5 40.5 a =] 2 1.046 1.076
Ed 1:80 na 1.124 053 045 1 I 95 10. i 2 L2083 233
E 24 it iG] 053 3 o 7 195 F P I i) 257
3 =60 na 0420 [i5E] 15 E 7 M5 05 E = a7 [=z]
ED. 320 na 015 053 L1603 A Fi H5 40! A e ] .78 xir ]
ED.1 350 na 0244 0053 0.217 =0 7 495 50.5 1] 0 24 1.010 1033
Table C-17. Pristine Water Flux (Pall 0.8 pm).
Pristine Water Flux
Pall 0.8
Marnbrans | Clnck Tima] Cumidatie Ti Prazsura| Cidlat Prasaurs | Parmaate Prazsurs Temp | Filtrata Flus| Temp Adjuztad Fhus
D i x© il
ADE 10 o 95 21 0743 0g3
A0 T i) 19 21 1383 1527
A 7 30 [ ] 22 | 19 213
A 7 ] ; £ & | oem ]
AQ] 7 50 45, 25 2.060 3060
Dag T 1 a ] 22 065 orxn
B-0. 1 T 0L 20 23 B35 0Ed
B0, ; 05 ; 7 ET) 30 | 24 =] 06
B it FIF] 153 ] 7 a0 a0 | 24 FE] ]
B-0. na 212 053 .25 i X 5.5 50 25 400 400
[} nia L6572 .053 .02 I ] 105 10 22 519 0565
[} g .28 052 18 T 19. 0L 20 23 029 1.056
[ [ 209 052 .28 T 29. 0L 30 23 A21 1.504
C it 156 153 a2 7 3 a0 [ a0 | 24 FEx] 1845
[ na 131 [iE] 0 i 495 @5 7 | & 0 Z 60
D0, na L7239 .053 .07 I k] 10 15 | 23 0.407 043
002 Fig 0.427 0052 0.12 T ] 20 a 215 | 3 0E3S 073E
C-0. g 289 052 18 T el 30 31 ] .09 1029
] it 21 153 24 7 43 1] a1 24 341 1379
] it 177 53 ] 7 53 ] a1 2 [T 1773
E-0. nia 134 .013 .10 7 9 10 9! 21 552 0619
E08 na 0.259 0.053 0.20 7 19 2 a 195 | 22 147 1.248
E0g g 017 0052 0.2 T 2 30 1] 25 | 2 1 EET 1804
EUE ria 0135 U053 0.39 7 E:] ] 3 %5 | 23 | 218 2307
EN8 it (] (IS 0.48 7 4 ] 4 255 | 2715 2793
R
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Table C-18. Conditioning Sequence (Pall 0.8 um).

Conditioning Sequence
Pall 0.8 (0.01M NaCH)

Clock Time | Cumudative Time|  Timea

H

Inlet Prazsura| Cutlet Pressure| Parmeate Pressure [ Filtrata Flus | Temp Adjustad Flux

gallons) gp pig i bl I
0 g 200 052 204 30 35 8L 2 145 1248
i) na ] L U5 | 045 30 3 3 25 254 0254
a0 it ) m3 mo 30 k) 30 prd =T nos?
025 na 506 2% 062 an Er an il 24 0339
1.0 na 42 013 012 E] L] E] 0 065 0057

Conditioning Sequence

Pall 0.8 (1.0M HNO3)
Membrane | Clock Time| Cumutative Time | Ti Wmme Flowrate| TMP | AW [inlet Pressure| Qutlet Pressure| Permeate Pressure | Delta P Temp | Filtrate Flux| Temp Adjusted Flux

Hurnber i allons; i sac] i i 21ed to 35
ALS 940 it [ S [E7] ] 316 HBh ] Pl -] 1HM 1 96h
008 1] na 0107 0.026 0.247 0 E] ] 0 a NE | 22 1385 1.500
c08 na 0195 0.026 0.135 0 E] 0 0 a 0 2 0.760 o0z
008 11 g 0282 0052 0.210 30 a 3 2 1] ] ] 117 1.284
EUE FI i 0.053 [TiE] 0.552 ENE 3 30 [ 7 -] 1.413 153

Conditioning Sequence
Pall 0.8 (0.5M Oxalic Acid)

Membrane | Clock Time| Cumuatve Time | Time | Permeate Valume| Permeate Flowrate] TMP [ A [ilel Pregsure] Outlel Pressure] Permeate Pregsure | Delta P | Temp | Fillate Flex| Temp Adusted Flus
Hurnber i i allons i) (s i (psig) (psig) i) | %€ | (gordt?) | sted to 25
0

208 10:45 na 0.167 0.053 0.7 ] N5 M5 a a0 22 1.781 1.840
008 0:35 na 0.020 0.0 0.293 0 ] 3 0 a N5 | 22 1.646 1.790
0.8 710 na 0157 0.02% 0168 0 a 1] 30 1] 330 pr] 0.944 1028
008 11:40 na 0.224 0.053 0.33% 30 2 3 30 1] s 21 1.3% 1.456
E8 245 il 01044 1013 (1. 298 3 9 34 30 ] 32 2 1674 1873

Table C-19. Repeated Water Flux (Pall 0.8 pum).

Repeated Water Flux
Pall 0.8
Clock Timea| Cumidatio Time Oudlat Prassura] Parmaate Prezsurs [Dalta P Temp [Fileata Flie] Temp Adjustad Flus
: o (psig) (psi) c oot

na 7 10 0 1ns | 2 | o812 0812

i1 T i) 21 20 1232 1421

it 7 30 [ ETEH IF]] 1798 2010

it 7 ] a2 PR 2644
A na 7 50 L 46| 22 | 2054 3.100
008 na 7 10 0 15 | 20 | 067 0.724
B0, na 7 12 15 |20 1.07 1.235
B0, i 7 ] 30 21 1B1: 1808
B it 7 E2] a7 21 1 FEIL]
B0, na 7 4 455 | 22 | 2774 3021
[ na 7 10 95 | @0 | 0379 0.437
[ na 7 21 20 |2 717 0828
C0, na ; 7 30 295 | 21 CES] 045
C it 53 153 AE L | 7 41 T ] 173 316
[ na 27 [iE] 744 &0 | 7 1 &0 | 7@ E71] 450
00, na 600 053 003 0 | 7 2 10 | 0 435 0571
008 na 0.330 0.053 0.180 2|7 ] 13 i 205 | 0 | 08W 1.037
0.0, na 241 052 213 o 2 2 305 | 21 1.230 1379
] it 187 153 Fird Q| 7 ] ;| T ] 1666 1778
] it 145 53 ) B0 | 7 z ] 7| @ | v 2234
EQ. na KFl 013 104 0 7 3 10 15 | 0 | 056 0676
E08 na 0.066 0.013 0.193 N | 7 23 ] 0 N5 |0 | 119 1.2
E0Z na 0.250 0.073 0.283 N[ 7 kz) 0 0 315 | 2 1.591 1783
EUE ria 0217 [TEED 0355 0 | 7 43 ] 3 35 | 22 | 2049 2231
EN8 it 0174 [TE] 11455 8| 7 53 ] 5 66 | 22 | ek 2784

-

Table C-20. Final Water Flux (Pall 0.8 um).

Final Water Flux
Pall 0.8 (Following SrCO; Flux)
Membrane | Clock Time | Cumulative Time|  Time | Permeate Yolume | Permeate Flowrate | TMP | AV Pressure| Ouilet Pressure | Permeate Pressure [ Delts P| Temp | Filirate Flux | Temp Adjusted Flux

Hurnbir i rnin il i {il] i {psin) (psin) G s to 25
ALE P [ [ [ 10135 w7 EE 05 ] W | 0.757 [T
AQB na 0.210 0.053 0.242 F.1] I 19.5 205 a 20 23 1259 1439
AQB nia 0151 0.053 0.350 1] 7 2 a a 1] 2 1.960

A g 122 052 433 40 T 2] 41 T 25 473

AL na 55 053 ) 80 | 7 95 505 3 ) T

B it ] 053 121 w7 E [ 1 -] 1676

B0 R nia 229 .053 230 2 7 19.5 205 2 23 294

Do i nia 0161 0.053 0.J28 1] 7 295 05 a 0 24 1044

=Xs 245 g 124 052 425 40 T 05 405 T 2 2387

H ERE) [ {7 53 A6 a7 48 1 ) PN

[ ] [ [ET] 53 [ w7 L 05 i 1 | M | oOite

[Zh) 230 nia L5654 .053 .095 2 I 19.5 205 1 0.53%

c08 4:00 na 0.307 0.053 0.137 0 T 25 205 a 0 21 0.760

[els 4:30 g 305 052 173 40 T 05 405 40 2 973

[ ] [ 240 153 7] B0 | 7 495 H 80| 22 FET]

[i] 145 [ (3] 53 [E] w7 EES 1 W & )

-0 215 nia 344 .053 154 2 I 19.5 205 20 23 .06

002 245 Fig 0.220 0052 0.240 30 T 05 s a 30 24 1.347

DL 115 g L 1E9 052 . 312 40 T 05 405 40 =5 1755

] 345 [ 137 53 T 80 | 7 48 1 W & 261

E. 330 [ i) 053 10z i EH 05 0 3 | 0571

E-0. :00 na 261 .053 202 1] I 19.5 205 20 x] 1137

E02 430 Fig 0126 0osz 0285 30 T 25 s 1} 30 2 1.599

E0g g 0213 0072 0372 40 T 05 405 a 40 4 2004

EN8 ] [ 0173 [E] 11 458 B0 | 7 T 5] 4 5 | & 251

69



Table C-21. Pristine Water Flux (GKN 0.1 pum).

Fristine Water Flux
GKN 0.1
Membrare | Clock Time | Cumulstive Terne | Time | Permeale Volume | Permeate Flowrate] TMP | AY [Inlel Pressure| Cutlet Pressure| Permeste Pressure [Della P Temnp | Fillrate Fluz| Ternp Adpsled Flux
Mumber i inutes) allons] i 5i i | fpsid) | *C (Adjusted to 25 C)
AD1 250 na 0124 0.053 0.420 10 ! a5 . 3] 2 21 2100 2443
AD1 10:28 na oo 0053 0.598 0 ¥ 19.5 4 E 21 303 3403
AT M ES it 0105 [ 1758 ET] 7 ETE 21 4 3 3864 ]
A0 11:30 na 00s0 Qove 0.004 40 f 40.5 28 12 7] 4.503 4.370
AD1 12:00 na [al=)) oor 0298 0 T s *» 1= ] 5062 452
BT EET] it 0168 (] 471 10 7 11 ] 1 F7] 2401 2615
B0.1 10:05 na 0,103 0.o7e 0.770 20 f 205 16 4 23 J.920 4.149
ED. 0:40 na oo ora 858 0 ¥ 0L 0. z 25 4373 4838
B 115 it [T (1] I a0 7 a0 EZ] 3 9 s 6122 A5l
] 150 na 0100 06 [i5E] =@ | 7 05 495 1z T A1
C0. 245 na 0,107 053 485 10 f 10.5 5 1 2 2.5 2740
c01 115 na oo 0053 073 0 ¥ 0L 19.5 17 2 2 3747 4031
[EK] 145 it [ [ 11645 ET] 7 E1E] o 24 6 3 430 2554
co1 215 na 0054 0.ore 0.949 40 i 40.5 0.5 a2 o 7] 4.006 4.702
c0.1 245 na 0100 0.108 1.062 = ¥ s 495 40 (1] 2 5411 4842
DALY 610 it 0217 [ 11365 10 7 05 95 [ 4 19 1 HEE 2AH
00,1 [ na 0,148 0.079 0,536 M| 7 05 195 1 ] Fii] FXF] 3140
001 720 na 0120 oora 0EE2 0 ¥ 0L 205 15 1= 2 337 330
DALY 765 it [ (] (=] a0 7 a5 ] ] i I [¥7] [EIT]
001 8:30 na oo Qove 0.662 50 f 0.5 19.5 7] 24 1] 4429 A074
ED1 E:53 na 0129 0053 041 10 T j(i] 1] ¥ 3 12 2092 2550
ED1 . na o) 0053 0508 0 ¥ 20 2 12 i 19 3047 361
EAL1 B0 it o [Ii=E] [¥E:] ET] 7 1] ET] A m_| A 276 A
ED.1 8:35 na 00 0.o7e 0.851 40 f 40 A0 7] L] 24 4.304 4.450
ED.1 210 na o003 oora 0959 0 ¥ 50 =] Ell 12 27 4884 4819
Table C-22. Conditioning Sequence (GKN 0.1 pum).
Caonditioning Sequence
GKN 0.1 (0.01M NaQOH)
Clock Tima v Tame [ Tone | Pt Volure [ Permeate Flowrate] TMP | AV [inled Prossune | Outled Pressane] Permeae Pressun [ Delta P] Temp | Fitate Flua| Terp Adusted Pl
Number (min) riin (gallonz) i ) 5l i i ] justed to 25
AD1 11:40 na 0124 0078 0.640 20 9 ] 20 20 21 J.261 JESS
=] E:18 na 0132 oora 0509 0 E] 0 0 21 2 3051 3xa
B B it 007 (] 0741 | 9 1] ET] ] 2l 3774 10
001 10:50 na 0136 Qove 0.504 ] 9 1] 20 14 22 2.976 J21
ED.1 £:40 na 0.108 0079 07% n| 9 3 F2] F]] I ERE ] 437
Conditioning Sequence
GKN 0.1 (1.0M HNO3)
Clock Time| Cumulstive Time| Time | Pemeste Volume | Permeste Flowrste] TMP | AV [inlet Pressure| Outlet Prezsure| Temp | Filtrate Flux| Temp Adpsted Flux
Humbar min] i [gallons) i 1 i i ] I o 25
AT 1215 it 0105 [ 11765 ETH ] E1] 24 ET EETS
B0.1 &:55 na 0,100 0.o7e 0.797 20 9 ] 23 4.058 4295
c01 o0 na oo oora 0213 0 E] 0 ] 4170 450
DALY 125 it 0121 [ EA! ETH ] 0 3 3346 3581
E01 715 na 0105 a.org 0.752 20 9 a 23 2.033 4057
Canditioning Sequence
GKN 0.1 (0.5M Oxalic Acid)
Clock Timna v Teme | Tornee | Pl Violurne | Penmeate Fliwrate] TMP [ AV [inled Prissun| Outled Pressane] Permeadie Pressun [ Della P] Temp | Fitate Flos| Terp Adusted Pl
hlumber i) i (gallons) i i i | (psih | °C j
AD1 12:50 na 0,103 0.o7e 0.767 20 9 0 0 20 10 24 3.907 4019
=] T30 na o] oora 0e1n 0 E] 0 0 2 8 2 4127 4495
B 735 it [ (] 57 | 9 1] ET] 2] i 3 [¥iE] 2450
001 12:00 na o112 Qove 0.707 ] 9 1] 20 16 hL] 25 J.600 3600
ED1 T80 na 010 oor 0.77e 0 E] 3 2 i) (1] el 3952 4183
Table C-23. Repeated Water Flux (GKN 0.1 um).
Repeated Water Flux
GKN 0.1
Clock Time Tere| Time | Perneale Volume | Permeate Flowrate] TMP | Av [Inlel Pressu reale Pressure | Della P| Temp | Filtrate Flux] Ternp Adpsted Flux
Number (min) rinin (gallonz) i 5l i | (psid) | *C (Adjusted to 25 C)
AD1 1:30 na 0184 0078 0.430 10 ! 10 £ ] 20 2190 250
AD1 200 na 0128 oora 0E13 0 ¥ i) 4 E i) 3154 3E40
AT 230 it [ (] ET4 ET] 7 1] 21 4 21 4148 AEAl
A0 2:00 na ooer aore 0.202 40 f 40 28 12 24 4632 A.765
AD1 330 na 0am 0108 1.042 0 T 50 *x 1= x 5312 5166
BT 810 it 017 [ 1448 10 7 0 8 2 18 Pl 2794
B0.1 0:40 na 0110 0.o7e 0.670 20 f 2 15 5 19 J.412 4054
ED. 110 na 00 o7 .83 0 ¥ 0 z T 273 4739
B 40 it 0B (1] g1 a0 7 1 3 9 [ 70
] 00 na o0en 06 i =@ | 7 il 4 0 14 sar1
C0. 10 na 0195 079 407 10 f 0 2 .072 2462
c01 240 na onn oora 0721 0 ¥ i) ig 4 i) JET1 A2
[EK] 810 it [ [ =0 ET] 7 1] 3 7 21 4T a7ar
co1 240 na 0o 0.ore 0.901 40 i 40 | 9 23 4.995 5286
c0.1 1010 na 00 0.108 1120 = ¥ 50 40 (1] x 5707 5548
DALY 118 it 0212 [ 375 10 7 0 10 [ 4 il THE 2an
(11N 1:48 na 0145 0.ore 0.547 20 i 2 20 11 9 21 2705 N
001 218 na ona oora 0668 0 ¥ 0 0 (-] L] 2 3402 3706
DALY 248 it 0 [ 78T a0 7 a0 a0 21 18 | EEE] A
001 218 na 0120 0,106 0.670 50 f 50 (=] 7] 24 .7} 4.474 4.250
ED1 230 na 0126 0053 0413 10 T 1 9 ¥ 3 19 213 253
ED1 a0s na 0127 oora 0622 0 ¥ 205 19.5 4 E 2 3178 3E54
EAL1 940 it 0104 [ 11762 ET] 7 ETE Hh il m_| A EICH [E]
ED.1 10:15 na 00 0.o7e 0.857 40 f 40.5 B5 27 13 24 4.365 4.430
ED.1 10:50 na o1 0.106 0.955 0 ¥ =i 495 3 17 X 4865 4730
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Table C-24. Final Water Flux (GKN 0.1 pum).

Final Water Flux

GKN 0.1 (Following SrCQ; Flux)

Meembrane | Clock Time| Cumulidive Tere | Time | Permeate Volume | Permeate Floweate] TMP | A il Pressune] Cutled Pressare] Pesmeate Presson [Della P Temp | Filtate Flu| Terp Adusted Flis
| humber min i 1l i i {psi) i | (psid) | ¢ j

AD1 200 na 0120 oora 0.440 ] T (1] 1] T 3 19 2241 2653
A1 230 na 0127 nore 0 BS atl [ a a 14 L] 19 3178 32
ADA 2:00 na 0102 0.ove 0.701 20 f ] 0 21 9 21 J.978 4.458
A, 30 na o033 7! 955 A ¥ 0 4 r 12 4865 148
B 410 it [EITE] 7 1] & 7 E1] = 3 15 EETS EET
& 123 it 0189 I 420 1 7 o 1 vl FRE] 7541
B0, 105 na 01 I7! 650 s i 0 A 1 5 J.351 pels
=] 1:35 na 002 oora 0.77e 0 ¥ 0 0 ] i 2 3952 A4
BT FIT it OIE] (] 0 a0 7 a0 a0 Ell 9 3 B 147 5341
B0.1 2:35 na oo Qove 1.109 50 f 50 0 ] 1 .7} 5.647 543
0.1 1258 na 0176 oor 0.443 10 T (1] 1] ¥ 3 19 2290 2™
[EK] 125 it 0118 (] [H ] 7 il A 16 4 il EXFE] EEIT]
co.1 1:55 na oo 0.o7e 0.671 20 f ] 0 23 ki 22 4,407 4832
0.1 225 na o0l oora 0.955 40 ¥ 40 40 El g 24 4865 S004
0.1 258 na o073 oor 1.088 0 ¥ 50 =] 40 0] x 5531 5378
DALY 1260 it 024 [ =S 10 7 0 ] [ 4 18 THI7 2211
(11N 120 na 0146 0.o7e 0.544 20 f 2 20 11 9 19 2772 3230
001 1:50 na 0125 oora 063 0 ¥ 0 20 ig L] 21 3232 3EX
[T 2M it 0105 [ 767 an 7 ] a0 21 [EH ] EEE] ]
001 2:50 na oose 0.ore 0.662 S0 i 50 (1] 7] 24 25 4.397 4.297
= 220 na 0182 7! 436 1 ¥ o i g 7 19 | 2293 264

E 260 it [KF] 7 B2 A 7 il : 14 5 19 3163 3750
= EF) na 0100 I 750 E 7 1] E il T ) 24 464

ED. 250 na 0084 I7! 945 A 7 40 A 27 13 23 .03 11

ED1 420 na oorr oor 1.027 0 T 50 2 17 25 5232 520
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Appendix D
Variation Testing

SrCO; Flux
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Appendix D

Variation Testing

SrCO; Flux

Table D-1. Strontium Carbonate Flux (Graver 0.07 pm).

SrCQ; Flux
Graver 0.07
Muorntirane | Clock Time| Cumulitive Tine R et i A L e e e e ) B Adjustid Flux

L] 14 min i i [psig) | (psid) | C i I
A007 e 0 03 0.0as 30 9 05 1} ] 0 D482 0528
ADE 715 0 [IEE] 1174 3| 9 E1E] 1l ET 7 (R AE
AD.07 725 2 002 0.07e 30 9 0.5 a 20 ] 0.395 0.304
AD0.07 T3 30 0z n.ost 30 a 05 a il pr.i] 0.412 0.389
AD007 740 o 0oz 0.142 40 12 42 a 40 ] 07% 0.E50
ADE 7E0 0 [IEE] [NFH an | 1 47 1l | = [GiE] [0
AD.07 o:00 2 002 0.122 a0 12 A2 a 40 0 0623 0.500
AD007 210 30 0oz 0122 40 12 42 a 40 ez ] 0E23 0.500
ADE 815 ] [IEE] 11D 3| 2 ET] 1l ETI 0458 [EE]
AD.07 8:25 10 002 0.045 30 4 0 a 20 g 0.229 0.217
AD007 135 1] 013 .02 3 4 1] c ) o 150 199
ALF 45 30 I S El 2 1) ) 24 17 AEE
ADE £l ] m3 (1] 165 F: 354 B
AD.07 :00 10 013 .061 15.5 e .1 kr-]
AD007 210 1] 0oz 0.081 15 ] 155 a 15 n 03m 033
ADE EF] 30 [IEE] A [ER ] 165 1l [ [EI] 1347
AD.07 225 o 002 0.004 20 12 21 a 20 22 0430 0.460
AD007 135 10 013 087 X 12 21 A rc] 441 | 4ET
ADIE & il [{E] [0 F 12 i : 74 a1 a53
ADE £ 30 m3 =] 12 7 ) 253 253
AD.07 0:00 o 013 050 X 9 0. 29. ! % .500 500
AD007 1010 10 0oz 0.07e 0 ] 05 05 a ] -] 0383 0383
ADE [iFd] ] [IEE] [T 3| 9 E1E] 2 1l ETI [E=] [E=]
AD.07 10:20 1] 002 0.075 0 9 0.5 2.5 a 20 % 0.383 0.303
AD007 0:35 013 091 4 40, 24 453 4TS
ADE 045 ] m3 =] 2 3 24 £ 310
AT S il [iE] 67 2 3 24 P 1]
AD.07 1:05 1] 013 057 . 40! 24 203 297
AD007 11:02 o 0oz 0108 45 ] 435 4E5 a 45 24 05% 0.551
ADE 1118 0 [IEE] [ B | 9 [EE] 265 1l s | w 0440 416
AD.07 11:28 2 002 0.005 a5 9 3.5 46.5 a 45 i} 0,435 0.400
AD007 138 013 L0BE 4 9 435 465 4 pr-i] 437 1
ADE 140 m3 141 ; 14 ol : E ] 716 41
AD07 150 [iE] 148 14 i Y] E 31 75 2]
AD.07 200 013 150 14 0 ] 3 0 .76 612
AD007 1210 30 0oz 0152 0 4 ] n a ] ) orm 0E10
ADE 1215 ] [IEE] 170 M| & A il 1l F [E= [
AD.07 12:25 10 002 0.057 20 [} 20 20 a 20 29 0.282 0.261
AD007 1235 1] 0oz 0.0st 0 [ 2 0 a 20 2l 0.2 0.248
ADE 1245 30 [IEE] (A M| & A il 1l Ao s [iF=] ]
AD.07 12:47 o 002 0.0% 30 9 0.5 2.5 a 20 % 0.480 0.400
AD.07 12.57 10 0o 0.077 0 9 0.5 295 a 20 %5 0352 0.392
AD007 107 1] 0oz 0.07e 0 ] 05 05 a ] -] 03 0383
A7 117 30 [IEE] 176 ETH ] E1E] K 1l ETI 0387 E:H
B0.07 e 0144 02 0.0a2 0 ] Ell ] 0 ] 21 D456 0522
BT 7E 0 (kA [IEE] [TE] 3| 9 Ell ] 1l ET 7 030 [[EIIE]
B0.07 7] 0194 002 0.062 30 9 | 29 a 20 21 0.247 0.309
E0.07 TAE 30 0193 0oz 0.082 0 9 3l 2 a 20 20 0.342 0.402
B0.07 T80 o 0124 0oz 0107 40 12 405 395 a 40 21 0545 &1
BT B0 0 013k [IEE] [ICH an | 1 ans E2E 1l | = 0495 11540
B0.07 8:10 2 0134 002 0.0e2 a0 12 0.5 0.5 a 40 2 0.502 0.547
B0.07 =Fei] 30 0134 0oz 0093 40 12 0.5 395 a 40 ] 05m 0532
BT 822 ] 0184 [IEE] [H 3| 2 Ell 2 1l ET 06 [E=]
B0.07 82 10 0240 002 0.0 30 4 | 29 a 20 20 0153 0.223
-0.07 42 1] 06 .013 0% 3 4 1 2 c ) 1 124 . 219
0.07 (52 30 0=a 013 0% 3 4 il 2 ) 2 L1863 205
7 5 ] 0156 m3 [ 5 7 344 O
-0.07 :05 10 0217 013 .061 5 2z .11 . 340
B0.07 ER ] 1] 03 0oz ) 15 ] 15 15 a 15 21 i 17] 033
BT R ] ¥ [IEE] [ [ER ] [ 18 1l [EN 0304 0341
B0.07 27 o 0147 002 0.020 20 12 0.5 19.5 a 20 22 0,453 0.499
-0.07 137 10 0152 013 087 X 12 05 195 A prc| 444 470
7 47 ] 0151 013 087 ] 12 5 195 A Fz 445 a72
7 &7 ] [EET] m3 ] : 12 FIE] 195 : F: 2 a7E
-0.07 0:00 o 0149 013 .00 X 9 0 0 X . L4563 400
B0.07 1010 10 aim 0oz 0.077 0 ] e 0 a ] ] 033 0418
BT [iFd] ] 0173 [IEE] 176 3| 9 ET] ET] 1l ETI ] 038 ATt
B0.07 10:20 1] Q177 002 0.074 0 9 0 20 a 20 2 0379 0.402
-0.07 0:32 0133 013 093 4 4 9. x 505 534
7 047 1 (¥ m3 ] 2 2 B2 F s 32
7 052 ] 0242 m3 TS 2 2 B2 278 EIE]
-0.07 102 1] 02a4 013 054 . 3. e L.276 300
B0.07 11:08 o 0120 0oz o 45 ] 45 45 a 45 n L] 0E03
BT 1115 0 0174 [IEE] [T B | 9 [ a5 1l s | A 0387 [EE]
B0.07 11:25 2 0176 002 0.075 a5 9 A5 A5 a 45 2 0.383 0.394
-0.07 1:35 a7 013 L07E 4 9 4 4 4 2 389 400
7 140 0l m3 21 ; 14 K] F E 24 k15 [=H
H 150 [iK]] [i]E] Fiil 12 E] = E = [fi] [Fiz]
-0.07 200 ol 013 112 14 J X 3 24 572 500
B0.07 1210 30 onr 0oz 0112 0 4 Ell ] a ] 24 0s7e 0.504
BT 1215 ] 0150 [IEE] [T M| & FIE] 195 1l A | 05 S
B0.07 12:25 10 0275 002 0.042 20 [} 0.5 19.5 a 20 2 0.245 0.267
B0.07 1235 1] 0285 0oz 0.042 0 [ 05 195 a 20 21 02% 0.264
BT 1245 ] [F=1] [IEE] [ M| & FIE] 195 1l I [iF=r] ¥
B0.07 1250 o 0160 002 0.002 30 9 0 20 a 20 22 0.420 0.457
B0.07 1:00 10 Q174 002 0.07& 30 9 0 20 a 20 2 0.306 0.420
B0.07 1:10 1] o 0oz 0072 0 ] e 0 a ] n 032 0.405
BT 10 ] 0184 [IEE] [TE ETH ] ET] ET] 1l T 7 06 [E=]
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Table D-1. Strontium Carbonate Flux-Graver 0.07 um (continued).

C-0.07 15 0129 013 103 i 522
CAa 07 el 1 0187 ms3 071 - 3 3 Pz 3
G007 % J] 01682 013 073 3 3 3 23 70
C-0.07 A5 0 0.180 013 .073 2 374
C-0.07 E:50 1] 0.107 0013 0124 40 12 3|5 415 a 40 24 0632
CAa 07 21m 10 o1z nms3 0113 Al 12 3 415 ] 40 Pl 0576
C-0.07 710 20 0110 0.013 0120 a0 12 05 415 a 40 k7] 0612
C-0.07 720 0 0.106 0013 0124 40 12 3|5 415 a 40 n 0,634
CAa 07 13 i 0146 nms3 01080 30 4 1] 3 ] 1 3 0451
C-0.07 733 10 0.357 0.013 0.045 k] 4 0 1] a 7] il 0235
C-0.07 743 20 0024 0.013 0.041 0 4 20 ] a 2 .7} 0.200
C-0.07 753 0 0337 0013 0033 30 4 k1 0 a =0 24 0.200
CAa 07 980 i 0184 nms3 0072 15 4 155 145 ] 15 Pz 0385
C-0.07 10:00 10 0.184 0.013 0.063 15 9 15.5 145 a 15 2 0.240
C-0.07 10:10 20 0.194 0013 0.068 15 a 155 145 a 15 i 0.347
CAa 07 1020 30 0153 nms3 11068 15 4 155 145 ] 15 pal 013458
C-0.07 1025 a 0.136 0.013 0.097 i) 12 Fil 19 a 0 2 0.424
C-0.07 10:35 10 0.136 0.013 0.097 i} 12 21 19 a ) ] 0.457
C-0.07 10:45 20 0131 0013 0101 0 12 21 19 a 20 24 0512
CAa 07 1085 30 0131 nms3 0o A 12 21 149 ] A 24 0513
C-0.07 1053 a 0129 0.013 0103 k] 9 a1 Fe] a 3] 4 0.522
C-0.07 1108 10 0.160 0013 0.083 30 a 3 o] a =0 » 0422
CAa 07 118 .1l 0156 nms3 11 [ 30 4 31 P ] 1 p..] 0431
C-0.07 1128 0 0.155 0.013 0.005 k] 9 a Fe] a 1] ] 0435
C-0.07 132 014 013 094 4 - 450
007 1:42 o oz 013 LUES 4 = 319
CAa 07 1562 .1l oA ms3 61 4 in
C-0.07 202 0 0.2 013 060 2 .307
C-0.07 1205 1] 0121 0013 0110 45 a E.5 435 a 45 ] 0553
CAa 07 1215 10 0151 nms3 11088 45 4 a6 5 435 ] 45 rld 0447
C-0.07 1235 20 0.1439 0.013 0.002 a5 9 6.5 4315 a A5 ] 0.452
C-0.07 235 0.148 013 090 4 a 465 435 2 455
cany 238 OiE? m3 151 5 14 crd A P N
CAa 07 2 45 1 oss ms3 180 - 14 krd Pl A TE3
C-0.07 253 0,057 013 151 14 22 ] E] Kl
C-0.07 108 0 0,058 0013 0150 30 14 2 ] a =0 n 0762
CAa 07 110 i 0157 nms3 11084 Al ] .t Al ] A 3 04X
C-0.07 1:30 10 0.2 0.013 0.060 i) [ Fi] ] a 0 il 0.305
C-0.07 1] 20 0243 o3 054 ) 2 ) pro: L2377
CAa 07 0 30 0252 ms3 153 A F P X8
007 = 0 0132 o013 100 3 3 P 2 10
C-0.07 63 10 0.167 013 [FE] X J f: l 403
C-0.07 203 20 0.165 0013 0.080 30 a 3 o] a =0 24 0.407
007 213 30 0167 1013 1079 31 4 31 P ] 1 24 [ 403
0007 [ 1] 0132 0013 0100 30 a 3 ] a =0 ] 0.509
4007 E8S 10 0172 nms3 00ee 30 4 31 P ] 1 24 0390
[-0.07 705 20 0.169 0.013 0.078 k] 9 a1 Fe] a 7] ] 0.353
[-0.07 715 0 0.158 0.013 0.003 0 9 i o] a 2 i 0.425
0007 718 1] 0035 0013 0133 40 12 Nns 385 a 40 n 0.706
4007 .1 10 0Es nms3 0135 Al 12 415 3\h ] 40 3 0 BES
[-0.07 73 20 0,020 0.013 0142 a0 12 .5 05 a 40 k] 0722
0007 748 0 0032 0013 0144 40 12 Mns 385 a 40 ] 0.734
4007 B0 i 0138 nms3 1086 1 4 1] 3 ] 1 3 04558
[-0.07 810 10 0371 0.013 0.043 k] 4 0 k1] a 3] il 0.240
0-0.07 820 20 0.289 0.013 0.045 30 4 0 ] a ] ] 0.233
0007 830 0 0319 0013 0.041 30 4 1 0 a =0 i} 0211
4007 BE] i 3% nms3 0041 15 4 15 15 ] 15 p..] 0.7
[-0.07 00 10 0.3 0.013 0.057 15 9 15 15 a 15 2 0.203
0007 410 20 o2 0013 0.062 15 a 15 15 a 15 n 0317
4007 220 30 0as nms3 11063 15 4 15 15 ] 15 Py 0322
[-0.07 25 a 0.156 0.013 0.005 i) 12 Fil 19 a 0 2 0.432
0007 135 j[1] 0.154 013 085 il 12 21 E] i 433
0007 145 20 0151 013 087 ] 12 21 E] 24 445
MIL07 B 30 0150 ms3 1] F 12 21 4 . 24 445
[-0.07 10:00 a 0.136 013 097 X 9 25 05 24 A5
0007 10:10 10 0.155 0013 0.085 30 a kS 305 a =0 » 0435
040107 020 Fil 0149 [TITiE] [l ET] E] A E1 i} 1] ] 0453
[-0.07 10:30 0 0.140 0.013 0.002 k] 9 25 05 a 1] ] 0.454
w007 0:3 0.143 013 093 4 4 3. pro: 472
M0 ] 4 1 0% m3 154 4 4 kil e d8
MIL07 [ 5 1 oz ms3 151 4 4 kol P i)
[-0.07 1:0: 0 0.3 013 052 =X l .302
0007 108 1] anz 0013 0113 45 a 45 44 a 45 24 0573
4007 116 10 0142 nms3 0043 45 4 45 44 ] 45 P 475
[-0.07 M6 20 0.130 0.013 0.095 a5 9 A6 a4 a A5 ] 0.406
w007 % 0.142 o3 093 4 a 44 pr.: 473
MIL07 k-] 0Ey ms3 133 - 14 F, 3 P BZ7

7 45 0056 o013 138 3 14 31 1 701
[-0.07 52 0,057 013 L1236 14 1 E] GE
0007 1203 0 0038 0013 013 30 14 2] il a =0 il 0650
4007 1212 i 0175 nms3 01078 Al ] .t Al ] Al 3 0385
[-0.07 1222 10 0241 0.013 0.055 i) [ Fi] ] a il 0.200
w007 232 20 0262 o3 050 ) 0 it} » 257
MIL07 247 30 0%3 ms3 150 .t Al p..] 25
[-0.07 244 [i] 0137 013 057 X 25 05 24 452
[-0.07 254 10 0.156 013 004 X 25 05 4 420
0007 104 20 0.157 0013 0.084 30 a kS 305 a =0 » 0429
00 07 114 30 0161 1013 1152 31 4 25 305 ] Al .1 4149
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Table D-1. Strontium Carbonate Flux-Graver 0.07 um (continued).

E-0.07 0:35 0.143 .0 052 X =0 n 470 512
E40.07 [ 45 1 0as |1} 5] - F 1 24 323 332
E4107 E:-Y 1 0Am |1} 14 3 F Al p..] 324 34
£-0.07 1:05 0 0204 013 065 f: 1] F .320 320
E0.07 1:10 1] 0.108 0013 0122 40 12 n a 40 i} 0623 0608
EL07 120 10 0131 nms3 0o Al 12 - ] 40 3 0514 1447
E-0.07 11:30 20 0.1 0.013 0107 a0 12 EZ] a 40 32 0.546 0.450
E-0.07 140 anz 013 113 4 12 a 34 578 452
EL07 145 0138 m3 [ 5 4 Pk = Lsad 39
E40.07 1585 1 o311 ms3 143 - 4 L] P 17 1494
£-0.07 205 0.354 013 L0307 4 25 il 150 100
E0.07 1215 0 0385 0013 003% 30 4 295 a ) i} 0185 0173
EL07 120 i 0216 nms3 1061 15 4 15 ] 165 P 0311 13013
E-0.07 1230 10 K] 0.013 0.062 15 9 1 a 0S| 35 0316 0316
E-0.07 12:40 20 0215 013 062 1 a 165 | 25 1313 313
L7 1250 30 o218 013 LUE1 1 9 165 -] 3 33

7 1285 i 0146 ms3 (=0 A 12 A 24 45 473

.07 1:05 10 0147 013 020 i 12 0 Fi 459 447
-0.07 115 20 0144 0013 0.092 0 12 18 a 20 Fd 0.467 0.442
07 12 30 0148 nms3 01080 A 12 18 ] A rld 01456 1431
-0.07 1:30 a 0141 0.013 0.094 k] 9 a il il 0.473 0.453
.07 140 10 0171 013 077 e 353 372
U7 1:30 .1 vz 013 LU7F 2 L 392 . 30
E40.07 21m 30 0175 ms3 76 Z 385 4
£-0.07 202 a 0.145 013 091 i 455 440
E0.07 212 10 0230 0013 0.060 40 [ n a 40 n 0.306 0290
EL07 252 .1l 0734 nms3 11056 Al ] - ] 40 P 0287 .79
E-0.07 232 0 0.240 0.013 0.055 a0 [ EZ] a a0 F 0.201 0.273
E0.07 23 1] 0.135 0013 0108 45 a 43 1} 45 i} 053 0524
E0.07 245 10 0.163 0013 0.081 45 a 43 a 45 o] 0413 0380
EL07 2Eh .1l 0163 nms3 1081 45 4 43 ] 45 P 0414 11370
E-0.07 205 0 0.160 0.013 0.002 a5 9 41 a 45 k1] 0.420 0.365
E0.07 307 1] 0038 0013 013 30 14 ] a =0 0 0653 0599
EL07 317 10 0Es nms3 11,140 30 14 Pl ] 1 3 o711 0.5
E-0.07 EF 20 0,05 0.013 0143 k] 14 ] a 3] kL] 0756 0.503
E.0.07 337 30 0,034 0013 0.141 30 14 i} a i) 34 0713 0.562
E0.07 340 1] 0174 0013 0078 0 [ 19 a 20 3 0.387 0311
EL07 380 10 ozm nms3 1058 A ] 149 ] A 3 056 127
E-0.07 4:00 20 0.246 0.013 0.054 i) [ 19 a 0 ] 0.274 0.252
E0.07 4:10 0 0263 0013 0050 0 [ 19 a 20 n 0.256 0.242
EL07 412 i 0158 nms3 11084 30 4 P ] 1 P 042 1415
E-0.07 422 10 0.161 0.013 0.001 k] 9 Fe] a 3] il 0.412 0.390
C-0.07 4:32 20 0.165 0.013 0.000 0 9 n a i} I 0.400 0.306
E0.07 4:42 0 0.165 0013 0.080 30 a o] 1} ) n 0.407 0385
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Table D-2. Strontium Carbonate Flux (Mott 0.1 um).

SrCQ; Flux
Mott 0.1
Marntirane | Clock Time| Cumulatve Tine Prarnerates Vol Pl Flowrate] TME | 207 |1l Prissure] Oullil Prissurs] Burmeate Priss | O ] Tomp | Filt Pl

i m i i (psio) si) | sig)| ©
AD1 E:50 0 03 0.0az 30 9 Ell 0 1} 3Es | 32 0.475 0817
AT 710 0 [IEE] 1074 3| 9 Ell ET] 1l EIER K] [E]
A0 710 2 002 0073 30 9 | 20 a 05 | 29 0374 0.304
A0 20 30 0z 0.o7t 30 a Ell 0 a W05 | 7 031 0.241
AD1 T2 o 0oz 0127 40 12 41 40 a 405 | 37 OE4s 0&10
AT 735 0 [IEE] [ an | 1 ] an 1l s | = 1420
A0 745 2 002 0.0e2 a0 12 41 40 a 05 | A 0.502 0.462
AD1 TEL 30 0oz 0102 40 12 41 40 a 05 | 8 05% 0.484
AT B0 ] [IEE] (s 3| 2 ET] ET] 1l ET 7 0319 [ETH
A0 8:10 10 002 0.044 30 4 0 20 a 20 % 022 0.222
A, 20 1] 013 .041 3 4 30 3 c ) o 209 209
A, 1] 30 I e El 2 1) El ) 24 XED} 197
B £ ] m3 [ 15 24 E=A] ]
Ad. 145 10 013 065 15 24 L1130 . 340
AD1 855 1] 0oz 0.067 15 ] 15 15 a 15 24 0342 0352
AT Bl 30 [IEE] [T [ER ] 15 18 1l 15 | 0358 50
A0 210 o 002 0.103 20 12 21 20 a A5 | X 0525 0.525
A, 20 10 013 0% X 12 2 X 0L | X 420 483
B 1] il [{E] 101 F 12 > F : F A1k 01
B 1 30 m3 [IiH 12 i 819 S5
Ad. 145 o 013 103 X 9 J o 05 | X 525 .51
AD1 Q5L 10 0oz 0084 0 ] Ell 0 a s | * 0.425 0414
AT M ] [IEE] (TG 3| 9 Ell ET] 1l EIEN [E=] E:H
A0 10:15 1] 002 0.000 0 9 | 20 a 05 | % 0.406 0.395
A, 020 013 121 4 4 = LEIT .E00
B K] ] m3 [H 2 2 F EIL Ei
i i) il [iE] (53] 2 2 Ei T
Ad. 0:50 1] 013 050 .5 | 267 297
AD1 10:55 o 0oz 0107 45 ] 4B 45 a 455 | 6 0544 052
AT 115 0 [IEE] [ B | 9 [ a5 1l s | W 0431 [E]
A0 1:15 2 002 0.002 a5 9 A6 A5 a 455 | 37 0416 0.393
A, 28 013 .08 1 4 9 45 4 .5 b, .415 302
B 1] m3 131 ; 14 38 : ETFCE I =] [=H]
A Al [iE] X 14 35 Eib [ ]
Ad. 50 013 123 14 .5 075 | X 675 621
AD1 12:00 30 0oz 0133 0 4 35 0 a 05| 3 0706 0643
AT 215 ] [IEE] [ICH M| & il ] 1l s | w [ 447
A0 1215 10 002 0.055 20 [} 21 20 a A5 | X 0.287 0.207
AD1 1228 1] 0oz 0.054 0 [ 21 0 a ML | X 0274 0.374
AT 1235 30 [IEE] [IH M| & il ] 1l A5 | 4 [iF=] 270
A0 12:40 o 002 0,105 30 9 | 20 a 05 | X 051 0.541
A0 12:50 10 0o 0.001 0 9 | 0 a A5 | A5 0412 0412
AD1 1:00 1] 0oz o.0sen 0 ] Ell 0 a W0E | X 0407 0.407
AT 110 30 0170 [IEE] (e ETH ] Ell ET] 1l ETE [E=0 EH
ED1 SEE o 0135 02 0.0oe 0 ] 05 05 0 e 2 050 0514
B BIE 0 016k [IEE] [ 3| 9 E1E] 2 1l ETI ] 0407 [E5E]
601 815 2 0 002 0.077 30 9 0.5 2.5 a 20 % 0394 0.394
ED.1 E:25 30 0167 0oz 0.072 0 9 0.5 205 a 0 % 0.403 0.402
E01 £330 o 0102 0oz 0130 40 12 41 2] a 40 % DEs3 045
B 540 0 012 [IEE] [INEE] an | 1 ] 2] 1l | w i [
601 &:50 2 a2 002 o a0 12 41 ] a 40 20 06N 0.553
E01 o0 30 ons 0oz 0118 40 12 41 2] a 40 ] 058 053
B FiE] ] [KE7] [IEE] (NI 3| 2 ET] ET] 1l ET [EH 11484
601 713 10 0356 002 0.050 30 4 0 20 a 20 % 0.253 0.253
] T3 1] 026 .013 045 3 4 30 3 c ) 2 L2297 234
] LEEE] 30 0313 013 042 3 4 1] 3 ) 2 215 . 221
7E ] 0152 m3 [ 15 24 ] 256
0. ] 10 Q172 013 .077 15 24 320 402
E01 T 1] 0218 0oz 0.061 15 ] 15 15 a 15 24 0313 0322
B B ] 018 [IEE] 1070 [ER ] [ 18 1l 15| 4 06 [E:
601 8:10 o 0113 002 0117 20 12 0.5 19.5 a 20 % 0.557 0.597
] 20 10 0127 013 104 X 12 0. P, - L5231 531
50 ] 0124 013 07 ] 12 0. F. & 545 530
1 ] [KF7] m3 ] : 12 F F F A 537
0. 145 o 0105 013 1% X 9 0. 29. 3 P 644 620
E01 855 10 0144 0oz 0.0a2 0 ] 05 05 a 0 % D4g8 0455
B Bl ] 0185 [IEE] [ 3| 9 A5 2 1l ETN 0435 [EFE]
601 215 1] 0155 002 0.00% 0 9 .5 25 a a o} 0,435 0.423
] 118 010 013 121 4 4 - LE1E LE1E
] 1 0% m3 167 2 2 F 341 341
£ ] 0211 m3 ] 2 2 EFD 30
0. 148 1] 0215 013 .061 X .13 Kjk]
E01 950 o 010 0oz 0122 45 ] 4B A4 a 45 -] 0E19 0E13
B 000 0 0146 [IEE] [ B | 9 [ A 1l s | 0453 11450
601 10:10 2 0151 002 0.002 a5 9 A6 a4 a A5 i 0447 0.423
] 020 0153 013 L0BE 4 9 45 A4 4 b, L4379 415
125 [I=]] m3 147 ; 14 K] ').L E Z 749 ]
05 nea [i]E] JEE] 12 E] = E 7 [ 1]
0. 045 0103 013 120 14 J 29 3 i .65 610
E01 10:55 30 0100 0oz 0132 0 4 Ell ] a 0 2l 0ET 0634
B 1100 ] 0142 [IEE] [ M| & il ] 1l FI 0476 11450
601 11:10 10 0217 002 0.061 20 [} 20 20 a 20 % 0.210 0.310
E01 11:20 1] 09 0oz o.0s2 0 [ 2 0 a 20 24 02933 0.302
B 1130 ] [Pz [IEE] TS M| & A il 1l A | 0282 ¥
601 11:25 o a2 002 o 30 9 0.5 2.5 a 20 2 0603 0.620
601 11:45 10 013 002 0.095 30 9 0.5 2.5 a 20 % 0404 0.404
E01 1155 1] 0150 0oz 002 0 ] 05 05 a 0 -] 0450 0.450
B 1215 ] 0124 [IEE] (=] ETH ] E1E] K 1l ETI 0.251 11 461
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Table D-2. Strontium Carbonate Flux-Mott 0.1 pm (continued).

C0. [ 0118 013 112 rk 30 n 573 524
C- B 1 0152 ms3 e - F 30 x 31 31
C- 715 J] 0192 013 065 3 25 a5 & 0 kil
C0. 735 0 0.195 013 068 . a0 2 .46 . 360
c01 728 1] 0.108 0013 0123 40 12 405 3|5 a 40 ] 0.624 0524
Ca1 738 10 0140 nms3 11044 Al 12 Al 5 k] ] 40 24 0481 11 445
c01 7:48 20 0139 0.013 0.095 a0 12 0.5 35 a 40 il 0.405 0.453
c01 758 0 0139 0013 0095 40 12 405 3]s a 40 n 0485 0.458
Ca1 980 i 0151 nms3 11088 30 4 1] 3 ] 1 24 0447 11 4601
c01 10:00 10 0364 0.013 0.03% k] 4 0 1] a 7] 24 0185 0190
c01 1010 20 0.350 0.013 0035 0 4 20 ] a 2 24 0177 0.102
c01 10:20 0 0338 0013 0033 30 4 1 0 a =0 24 0.169 0174
Ca1 plild i 0168 nms3 0.07s 15 4 15 15 ] 15 24 0.4am 01413
c01 10:37 10 0.2 0.013 0.060 15 9 15 15 a 15 24 0.303 032
c01 10:47 20 0238 0013 0058 15 a 15 15 a 15 24 0.2% 0304
Ca1 10567 30 o8 nms3 010801 15 4 15 15 ] 15 24 038 1316
c01 1053 a 0.142 0.013 0.093 i) 12 05 19.5 a 0 4 0.475 0.402
c01 102 10 0.161 0.013 0.082 i} 12 05 19.5 a ) ] 0.419 0413
c01 LRE] 20 0.156 0013 0.085 0 12 05 19.5 a 20 » 0.431 0.431
Ca1 1mx= 30 0154 nms3 010885 A 12 Als 195 ] A p..] 0437 1437
c01 11:33 a 0161 0.013 0.002 k] 9 0.5 25 a 3] ] 0.410 0.418
c01 1143 10 0.181 0013 0073 30 a 305 295 a =0 » 0371 0371
Ca1 1163 .1l 0442 nms3 01050 30 4 35 ME ] 1 p..] 0152 1152
c01 1203 0 0.189 0.013 0.070 k] 9 05 25 a 1] ] 0.5 0.350
C0. | 2:06 0171 013 077 4 40 3. - 35 395
0. 218 o oz 013 LUS7 [ A0 39 = L 292 | 292
! 2% .1l 0256 ms3 52 4 4 kol 2 X3 Fox]
A 2 0 0.250 013 051 . =X 2 261 ¥l
c01 12:43 1] 0137 0013 0104 45 a 445 455 a 45 » 0530 0530
Ca1 1283 10 0173 nms3 01078 45 4 445 455 ] 45 P 03859 11378
c01 1:03 20 0.180 0.013 0.073 a5 9 445 45.5 a A5 F 0373 0.363
C0. A3 0.193 013 063 4 a A4 45 . 343 1339
! 15 017 m3 108 5 14 30 p X Lxs] 518
! el 1 0148 ms3 2] - 14 1 2 Z a5 4%
C0. 25 0.145 013 091 14 ] 2. i 456 440
c01 145 0 0.142 0013 0.093 30 14 305 295 a =0 n 0.474 0.443
Ca1 147 i 0187 nms3 0071 A ] .t Al ] Al rld 0360 11340
c01 167 10 0.250 0.013 0.051 i) [ Fi] ] a 0 ] 0.261 0.261
C0. 207 20 0289 013 045 ) 0 it} 24 .233 .240
C- 217 30 0% ms3 145 F 1] Al 24 rr:] T35
C- 218 0 0160 o013 Lik] 3 35 5 24 Lrrd 434
C0. ] 10 0201 013 066 X 0.5 25 x L1353 .335
c01 238 20 0.208 0013 0.063 30 a 305 295 a =0 » 0323 0333
411 248 30 A8 1013 1163 31 4 315 ok ] Al .1 03723 (1323
001 T3 1] 0.136 0013 0105 30 a 305 245 a =0 ] 0536 0567
411 7 ah 10 0157 nms3 11067 30 4 35 ME ] 1 p..] 0341 1341
001 755 20 0.207 0.013 0.064 k] 9 0.5 25 a 7] ] 0325 0.325
001 o:05 0 0.207 0.013 0.064 0 9 05 25 a 2 .3} 0025 0.325
001 203 1] 0.106 0013 0125 40 12 41 n a 40 i} 0637 0613
411 819 10 0130 nms3 0102 Al 12 41 - ] 40 rld 0518 11 4401
001 [F:] 20 013 0.013 0.100 a0 12 A EZ] a 40 ] 0.500 0.467
001 23 0 0.130 0013 0102 40 12 41 n a 40 i} 0513 0.477
411 B42 i 0181 nms3 11082 1 4 1] 3 ] 1 rld 0418 11355
001 o:52 10 0.305 0.013 0.043 k] 4 0 k1] a 3] ] 0.221 0.2
001 @02 20 0.347 0.013 0038 30 4 0 ] a ] ] 0.154 0.194
001 412 0 0353 0013 0.037 30 4 1 0 a =0 24 01531 0196
411 915 i 0181 nms3 0073 15 4 15 15 ] 15 24 031 11382
001 25 10 0.167 0.013 0.071 15 9 15 15 a 15 4 0.360 0.371
001 935 20 0.192 0013 0.063 15 a 15 15 a 15 » 0.351 0.351
411 945 30 0153 nms3 1106 15 4 15 15 ] 15 p..] 013449 11349
001 48 a 0.152 0.013 0.007 i) 12 05 19.5 a 20 ] 0.443 0.443
DL 158 j[1] 0161 013 082 il 12 el - 418 418
DL 0.08 20 0174 013 07e ] 12 ] . ? 357 376
)} 1018 30 0157 ms3 154 F 12 F . 2 431 418
[HL 021 a 0147 013 020 X 9 0. X L 450 445
001 10:31 10 0.206 0013 0.064 30 a 305 295 a =0 i} 0326 0317
0411 041 Fil 08 [TITiE] 00063 1] E] ETEY A i} ET] T 033 0314
001 1051 0 0211 0.013 0.063 k] 9 05 25 a 1] F 0218 0.310
00 0:54 0139 013 095 4 4 ry 485 472
) 104 1 0247 m3 [15x] 4 4 22 JHE
)} 114 1 028 ms3 51 4 4 1 1
00, 12 0 0.5 013 050 2 .254 ]
001 piEd 1] 0.147 0013 0.090 45 a 455 445 a 45 i} 0.453 0446
411 1137 10 0 A% nms3 11054 45 4 455 445 ] 45 rld 03% 11308
001 1147 20 0.2 0.013 0.062 a5 9 455 44.5 a A5 il 0.217 0.300
DL 157 0218 013 061 4 a 455 445 & 308 292
)} 2 (0 01 ms3 128 - 14 31 P Z F&1 B1E

210 0135 o013 1251 14 kil P 27 455 471
00, 230 [RE]] 013 101 14 a1 Fe] i 516 474
001 12:30 0 0132 0013 0108 30 14 3 o] a =0 o] 0551 0.507
411 1232 i 0153 nms3 1106 A ] .t Al ] A P 013449 11340
001 1242 10 0.240 0.013 0.055 i) [ Fi] ] a 0 ] 0.200 0.200
DL 12:52 20 0.257 013 051 ) 0 it} pro: 262 ;62
)} 102 30 0%4 ms3 150 F .t Al P 25 3
DML 1:05 [i] 0.110 013 112 X 0.5 25 x 563 569
[HL 1:15 10 0176 013 .075 X 0.5 25 x .302 302
001 125 20 0.182 0013 0072 30 a 305 295 a =0 i} 0389 0353
411 135 30 190 1013 010711 31 4 315 ok ] Al Pl 1354 [1 345
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Table D-2. Strontium Carbonate Flux-Mott 0.1 pm (continued).

= 125 0167 .0 073 0 N5 | A 404 428
E 3B 1 0%3 |1} 150 - 3 3 x 25 il
E 45 1 08 |1} 1149 3 Al Al e y-rd Pl
0. G5 0 0.379 013 047 3 k1] A5 | X 241 241
E01 700 1] (K] 0013 0120 40 12 Nns 40 a 075 | % 0609 0592
B4 210 10 0144 nms3 .09 Al 12 415 Al ] a5 | A [ 455 142
E01 730 20 0.143 0.013 0.093 a0 12 .5 a0 a 075 | A 0.472 0.424
E-D. 7:30 0.143 013 093 4 12 s 4 4075 | = AT2 423
E I3 0188 m3 7E 5 4 k1 5 A p 4 37
7 ah 1 0352 ms3 5] - 4 1] 3 1 191 186

755 0.352 013 .025 4 0 3] 2 176 170

805 0 0430 0013 0.031 30 4 1 0 a =0 » 0160 0.160

7.1 i 0185 nms3 0072 15 4 15 15 ] 15 p..] 0385 11 355

8:30 10 0.2 0.013 0.053 15 9 15 15 a 15 ] 0.302 0.302

40 20 0.268 o3 043 1 a 15 1 5 - 251 L2510

0 30 0203 m3 045 1 9 13 1 5 = 47 247

= i 0143 ms3 1255 A 12 21 Al AlS F ird 472

05 10 0.163 013 001 i 12 Fil el M5 | A 12 401

415 20 0.152 0013 0.087 20 12 21 2 a N5 | X 0.444 0.432

9% 30 0148 nms3 1189 A 12 21 Al ] AlS P 0454 11442

220 a 0139 0.013 0.095 k] 9 a1 k1] a N5 | & 0.405 0.471

40 10 0218 o3 061 5 | 3 L300 300

0 .1 0¥ o3 =] & L 282 274

1000 30 023 ms3 57 F i1 Pt

1005 a 0139 013 095 Bl 403 L]

1015 10 0265 0013 0050 40 [ 41 40 a 0s | B 0.254 0.247

102 .1l o4 nms3 11045 Al ] 41 Al ] 405 P 0245 1739

1035 0 0.376 0.013 0.048 a0 [ £l a0 a 05 | & 0.244 0.237

10:40 1] 0.128 0013 0.10% 45 a 465 45 1} 4575 | % 0.524 0510

10:50 10 0.173 0013 0078 45 a 465 45 a 4575 | I 0383 0367

1100 .1l 0173 nms3 01078 45 4 a6 5 45 ] 4575 | W 0388 1367

11:10 0 0.173 0.013 0.077 a5 9 6.5 45 a 4575 | & 0.320 0.363

115 1] 0.103 0013 0128 30 14 2 0 a 3 n 0651 0818

135 10 0108 nms3 0123 30 14 krd 3 ] 31 Pl 0524 1574

1135 20 0101 0.013 0130 k] 14 22 k1] a il Fe] 0.664 0.594

1145 30 0101 0013 0.131 30 14 2 0 a 3 o] 0.6E7 0.587

11:50 1] 0.136 0013 0.097 0 [ 21 it} a N5 | A 0455 0456

B4 12100 10 o2 nms3 11049 Al ] 21 Al ] AlS P 0245 1241
E01 1210 20 0.252 0.013 0.047 i) [ Fil ] a M5 | A 0.2 0.238
E01 12220 0 0293 0013 0.045 0 [ 21 it} a MNs | F 0230 0330
B4 125 i 0141 nms3 11044 30 4 31 3 ] A p..] 047 477
E01 1235 10 0.186 0.013 0.071 k] 9 a1 k1] a N5 | & 0.363 0.353
C01 12:45 20 0.106 0.013 0.071 0 9 o 0 a 05 | I 0.351 0.351
EL1 12:55 0 0187 0013 0.071 30 a 31 0 1} s | 7 0.351 0.341
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Table D-3. Strontium Carbonate Flux (Mott 0.5 um).

SrCQ; Flux
Mott 0.5
Murnbrane | Clock Time]| Cumulatve Tene R et i A L e e e e ) B Adjustid Flux

Number mi i i [psig) (peig) | (psid) | © I
ADS E:30 0 03 0.0e5 30 9 e 0 1} 0 0 033 0382
AllA 540 0 [IEE] (A 3| 9 ET] ET] 1l ETI IF7] ¥ ¥
ADS &:50 2 002 0.052 30 9 0 20 a 20 2 0.2%7 0.202
ADS o0 30 0z 0.ost 30 a el 0 a 0 24 0.253 0.267
ADS E1E] o 0oz o.nes 40 12 95 405 a 40 24 0.434 0.447
AllA 713 0 [IEE] [ an | 1 EE 205 1l | 0381 e
ADS 723 2 002 0.076 a0 12 B5 40.5 a 40 20 0307 0.356
ADS i E] 30 0oz 0.07e 40 12 95 405 a 40 0 0386 0.33%
AllA 735 ] [IEE] 170 3| 2 2 EIES 1l ETN 0358 [E=1]
ADS 745 10 002 0.030 30 4 2.5 0.5 a 20 g 0152 0.144
A TEL 1] 013 027 3 4 9. 30. c ) o 129 139
A ) 30 I I L 2 30, ) 24 141 145
B B ] m3 ] 15 24 Fi) ]
A =5 7] 10 013 .04 . 15 e .243 257
ADS =] 1] 0oz 0.042 15 9 145 155 a 15 n 023 0352
AllA EES] 30 [IEE] 1043 [ER ] 145 155 1l [ 0219 ¥z
ADS 845 o 002 0073 20 12 20 20 a 2 0372 0.405
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Table D-3. Strontium Carbonate Flux-Mott 0.5 pm (continued).
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Table D-3. Strontium Carbonate Flux-Mott 0.5 pm (continued).
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Table D-4. Strontium Carbonate Flux (Pall 0.1 pum).
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Table D-4. Strontium Carbonate Flux-Pall 0.1 um (continued).
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c01 20 0.410 0013 0032 0 [ 19.5 05 a 20 n 0150 0.163
Ca1 30 0415 nms3 11052 A ] 195 A5 ] A Py 01458 1161
c01 a 0.200 0.013 0.065 k] 9 0 k1] a 3] 2 0.300 0336
c01 10 0245 0013 0.054 30 a k1 0 a =0 ] 0.251 0368
Ca1 .1l 0242 nms3 11054 30 4 1] 3 ] 1 Pl 0255 1 %9
c01 0 0.245 0.013 0.054 0 9 20 a a 15 2 0.251 0,250
001 E:00 1] 0.204 0013 0.085 30 a NS5 285 a =0 ] 0.301 0348
411 B0 10 0250 nms3 01053 30 4 NS MHh ] 1 pal 0245 1776
001 [3] 20 0.251 0.013 0.053 k] 9 N5 05 a 3] 2 0.245 0.267
001 630 0 0.254 0013 0052 30 a N5 285 a ] n 0.242 0364
411 B3 i 0146 nms3 01080 Al 12 47 3 ] 40 Pl 041 11 445
001 [ 10 0.162 0.013 0.002 a0 12 42 k7] a 40 ] 0.301 0.301
001 6:56 20 0.150 0.013 0.004 a0 12 42 i} a 40 i} 0.331 0.300
001 708 0 0.157 0013 0.084 40 12 42 ] a 40 i} 0353 0382
411 210 i 0237 nms3 11056 30 4 NS MHh ] 1 p..] 028 1 %9
001 730 10 0.557 0.013 0.023 k] 4 N5 05 a 3] 2 0.105 0.114
001 730 20 0554 0013 0022 30 4 NS5 285 a =0 n 0.104 0113
411 740 30 05587 nms3 0023 30 4 NS MHh ] 1 Py 0105 1114
001 746 a 0.249 0.013 0.053 15 9 16.5 134 a 15 2 0.247 0.270
001 7:56 10 0.351 0.013 0.051 15 9 16.5 135 a 15 ] 0.2% 0.257
001 805 20 0261 0013 0.0s1 15 a 165 135 a 15 n 0.2% 0.357
411 BB 30 08 nms3 11049 15 4 165 135 ] 15 Py L1 ] 11250
001 8:20 a 0.180 0.013 0.074 i) 12 2 10 a 0 2 0243 0.373
001 830 10 0177 0013 0078 0 12 rr] 18 a 20 ] 0.343 0369
411 840 .1l o178 nms3 0074 A 12 2 18 ] A Pl 01345 11 356
001 8:50 0 0.170 0.013 0.074 i) 12 2 10 a 0 2 0.246 0.367
001 9:53 o 0.150 0.013 0.070 0 9 NS5 05 a 2 ] 0325 0.344
001 403 10 0239 0013 0055 30 a NS5 285 a =0 ] 0.257 0372
411 913 .1l 0734 nms3 1057 30 4 315 MHh ] 1 Pl 024 .79
001 EFE] 0 0.232 0.013 0.057 k] 9 N5 05 a 1] 2 0.265 0.200
001 a7 1] 0.198 0013 0.067 40 [ 42 ] a 40 ] 031 0329
411 937 10 037 nms3 11135 Al ] 47 3 ] 40 Pl 0163 0173
001 47 20 0.351 0.013 0.035 a0 [ 42 k7] a 40 2 0.161 0.171
001 57 0 0.376 0.013 0.035 a0 [ 42 i} a 40 ] 0.164 0.173
001 10:03 1] 0183 0013 0072 45 a 47 43 a 45 ] 0338 0355
411 1013 10 0235 nms3 11056 45 4 47 43 ] 45 24 0220 11 768
001 1023 20 0.23% 0.013 0.056 a5 9 a7 41 a A5 ] 0.262 0.262
001 10:33 0 0239 0013 0058 45 a 47 43 a 45 ] 0.269 0369
411 1038 i 0137 nms3 1086 30 14 krd Pl ] 1 24 014449 11 462
001 1048 10 0.189 0.013 0.070 k] 14 22 ] a 3] ] 0.336 0320
001 1053 20 0.184 0.013 0.072 0 14 g i} a 2 .3} 0335 0.335
001 1108 0 0.186 0013 0.071 30 14 2 i} a =0 ] 0330 0330
411 1112 i 027 nms3 11045 A ] 21 149 ] A 24 0214 1741
001 1:22 10 0.42] 0.013 0.031 i) [ Fil 19 a 0 2 0146 0153
001 1:32 20 0518 0013 0.02% 0 [ 21 19 a 20 i 0119 0133
411 1142 30 0474 nms3 01031 A ] 21 149 ] Al Py 1145 1158
001 1147 a 0211 0.013 0.063 k] 9 N5 05 a 3] il 0.292 0.327
001 1157 10 0.250 0.013 0.053 0 9 NS5 05 a 2 i 0.246 0275
001 1207 20 0243 0013 0.054 30 a NS5 285 a =0 ] 0253 0368
411 1217 30 1244 1013 11054 31 4 315 Pkl ] 1 73 0257 1 %7
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Table D-4. Strontium Carbonate Flux-Pall 0.1 um (continued).

= 15 0.158 .0 084 k1] 0 =0 prl 443
E Y, 1 0188 |1} 15] - 1] 3 1 F 345
E 3 Al 0194 |1} 1] 3 Al Al Al 5
0. 45 0 0.204 013 065 20 k1] 1] 2 EiE]
E01 643 1] 0124 0013 0107 40 12 40 40 a 40 ] 052
B4 B &g 10 0148 nms3 1189 Al 12 40 Al ] 40 P} 1416
E01 702 20 0.155 0.013 0.00% a0 12 40 a0 a 40 F 0.307
E-D. 713 0.162 013 082 4 12 4 i} .370
E 13 0154 m3 072 5 4 p, 5 24 345
E 733 1 037 ms3 153 - 4 Pz 178
0. 7:43 0.357 013 .033 4 2 169
E01 753 0 0412 0013 0032 30 4 2] il a =0 i 0.168
B4 -1 i 0 %5 nms3 11050 15 4 15 15 ] 15 pal 11 %00
E01 o:08 10 0.250 0.013 0.047 15 9 15 15 a 15 il 0.244
E-D. 118 20 0294 013 045 1 a 1 i i 234
.-} 30 023 013 045 1 9 1 1 21 . 235

33 i 0157 ms3 67 A 12 1] Al Al Py 340

43 10 0.250 013 053 i 12 el o 2 ¥l

853 20 070 0013 0.043 0 12 20 it} a 20 ] 0.242

913 30 01 nms3 0047 Al 12 .t Al ] A Pl 1732

07 a 0.166 0.013 0.000 k] 9 0 k1] a 3] 2 0.405

17 10 0218 013 L0 k1 0 i 299

i .1 0234 013 LUS7 3 A 1 Z . 273

37 30 0237 ms3 56 - 1] 3 F 5

:41 a 0.164 013 .001 05 40.5 Z 402

a5l 10 031 0013 0.042 40 [ 95 405 a 40 ] 0209

1om .1l 0316 nms3 11042 Al ] 385 Al 5 ] 40 Pl A8

01 0 0.3 0.013 0.041 a0 [ 15 40.5 a a0 2 0.203

10:15 1] 0.155 0013 0.085 45 a 45 45 1} 45 ] 0.420

E01 10:25 10 a7 0013 0.061 45 a 45 45 a 45 24 0.291
B4 1035 .1l 0216 nms3 1061 45 4 45 45 ] 45 p..] 11785
E01 1045 0 0.2 0.013 0.060 a5 9 A5 [ a 45 ] 0.270
E01 10:43 1] 0.135 0013 0098 30 14 305 295 a =0 » 0.457
B4 1058 10 01449 nms3 11088 30 14 35 ME ] 1 P 1401
E01 1102 20 0.156 0.013 0.005 k] 14 0.5 25 a 3] F 0.303
EL01 1:13 30 0.160 0013 0.08% 30 14 305 25 a i) i} 0374
E01 133 1] 0243 0013 0.054 0 [ 19.5 05 a 20 » 0353
B4 1133 10 038 nms3 11135 A ] 195 A5 ] A Pl 0172
E01 11:43 20 0.350 0.013 0.034 i) [ 19.5 205 a 0 2 0173
E01 11:53 0 0331 0013 0.034 0 [ 19.5 05 a 20 n 0172
B4 11567 i 0184 nms3 0072 30 4 1] 3 ] 1 pal 1375
E01 1207 10 0.230 0.013 0.055 k] 9 0 k1] a 3] 2 0.201
C01 1217 20 0241 0.013 0.054 0 9 1] 0 a i} ] 0269
EL1 1237 0 0247 0013 0.054 30 a k1 0 1} ) ] 0364
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Table D-5. Strontium Carbonate Flux (Pall 0.8 pum).

SrCQ; Flux
Pall 0.8
Murrbrane | Clock Tirne | Cuaratatrar Tirme olumie| Perneate Flowrate] Th An Indet Pressune | Oullel Pressun Tarnp | Fillrate Flus| Temp Adjusted Flus

hlumber n (psin) c it j
ADB E:35 0z 00e3 30 a 0 30 2 0349 0.391
AR B45 0 [IITiE] 0146 30| 9 ET] 30 T [P ¥
A0 655 20 0ma 0.046 30 ] 20 30 pl 0.257 0.265
ADB s ] . 0z 0044 30 a 0 30 2 0248 0352
ADB Toe o 0.132 0z 0100 40 12 40 40 24 D554 0.580
AR 718 0 (¥ [IITiE] kS an | 12 a0 an 7 033 11344
A0 1] 20 0.217 0ma 0.061 40 12 40 a0 ] 0.242 0.302
ADB -] ] 0.220 0z 0.0e0 40 12 40 40 2l 0337 0313
AR 816 0 [FIE] [IITiE] 0ED 30| 2 2 3 F] [EE] =]
A0 . 7] 10 0.556 0ma 0.0 o 4 24 3 24 0134 0.137
Al 138 2 526 013 025 30 4 2 1 24 04 145
AL A5 ET) e 013 024 30| & = 31 24 [NER 138
B ] 0 ] m3 1147 [EH ] & F] [P )
A :58 10 330 013 .040 15 ] 5 24 0223 228
ADB a.08 2 0337 0z 0.0z 15 a 15 15 1] 15 24 0220 0.237
AR ERE] ET] [E=S [IITiE] [iIEn [EH ] 15 18 ] [N (¥ [FiE
A0 = 1] o 0.195 0ma 0.060 20 12 20 20 a 20 24 0.3 0.391
A 130 (1] . 224 013 059 XA 12 e X x - 03 . 331
B 1 il 734 [1iE] [ F 12 F F F F [EIH 317
B £l ET] ] m3 =3 F 12 F [EL] ELE]
A 152 o 219 013 060 X ] e X e X 023 339
ADB 1002 (1] 0.289 0z 0045 30 a 0 30 1] 0 x 0257 0.7
AR 12 o 1184 [IITiE] [N 30| 9 ET] 30 ] ETI 0252 (A
A0 102 0 0.301 0ma 0.044 30 ] 20 30 a 20 5 0.247 0.247
A 26 o . 255 013 052 4 4 4 - 0.231 . 291
B £ 0 a0 m3 131 3 2 3 f 017 177
i a6 il EiE] m3 (58] 2 3 018 178
A 56 0 420 013 .01 X 0177 177
ADB 11:00 o 0.189 0z o.om 45 a 45 45 1] 45 x 033 0392
AR 1110 0 ¥ [IITiE] 0147 2 | 9 [ 25 ] B | (¥ ]
A0 11:20 20 0.200 0ma 0.046 45 ] 45 a5 a 45 ] 0.257 0.250
A F ] 290 013 045 45 a 5 a5 4 b 02% 243
B 0 164 m3 151 30| 14 e EiE] E 7 0454 a3t
A : 0 04 [i{E] 077 a0 | 14 MG a5 7 0.404 37
A E 20 192 013 .06 o 14 2.5 05 s 0356 . 365
ADB 1203 ] 0.199 0z 005 30 14 05 305 1] 0 2l 0373 0352
AR 1206 0 [ETE] [IITiE] 0144 2| & il ] ] A | 0245 ¥z
A0 1215 10 0.450 0ma 0.029 20 [} 20 20 a 20 5 0162 0.162
ADB 1225 2 0478 0z o002 20 [ 20 0 1] 0 24 0155 0.160
AR 123 £ 11481 [IITiE] [l 2| & il ] ] FI T 0154 [NEE]
A0 120 o 0.245 0ma 0.054 30 ] 20 30 a i) 24 0.300 0.32
A0 1240 10 0.302 0ma 0.044 30 ] 20 0 1] 20 %5 0.246 0.246
ADB 1258 2 0.304 0z 0044 30 a 0 30 1] 0 x 0244 0.244
AR 108 ET] [ET] [IITiE] 01043 TN ET] ] ] ETI 0240 11740
BDB S5t o 0.254 0z oos2 30 a 0 30 1] 0 19 023 0.347
BIH BIE 0 [EIH [IITiE] 01043 30| 9 ET] 30 ] ETI ] [iFES] [
Boo0 &15 20 0.295 0ma 0.045 30 ] 20 30 a 20 ] 0.251 0.266
EDB E:28 =] 0.290 0oz 0.046 30 [] 0 30 a 0 2 0.256 0.262
B0 £:28 o 0173 0z 007 40 12 40 1] 1] 0 24 0428 0.440
BIH ] 0 195 [IITiE] 0 an | 12 a0 ] ] FI 0381 570
Boo0 [:R] 20 0.195 0ma 0.060 40 12 40 o a 20 ] 0.320 0.362
B0 52 ] 0.192 0z 0.0e3 40 12 40 0 1] 0 2l 036 0.385
BIH 7 0 (¥ [IITiE] 01045 30| 2 2 31 ] ET 025 1167
Boo0 711 10 0.620 0ma 0o o 4 29 3 a 20 5 0110 011
0. 721 2N | E43 013 .021 30 4 x 1 o 24 on 113
0. 731 1] | E43 013 021 30 4 x 1 £} 24 o 119
73 0 =] m3 ] [EH ] & F] [iEFZ E=E]
0. 745 10 290 013 044 15 ] 5 24 0.24 250
B0 TEC 2 0.299 0z 0044 15 a 15 15 1] 15 24 0248 0358
BIH BIE £ [F] [IITiE] 0144 [EH ] 15 18 ] [N 0249 =
Boo0 o0 o 0.197 0ma 0.067 20 12 21 19 a 20 24 0377 0.307
0. 118 (1] 206 013 024 XA 12 2 x - 031 361
¥ i) 202 013 g5 . 12 2 f = 0,358 368
£ £ A m3 [ F 12 F F F 0 ]
0. :41 o 230 013 055 X ] A e X 0212 L2
B0 851 (1] 0293 0z 0045 30 a 0 30 1] 0 x 0254 0.354
BIH B o ¥ [IITiE] 0146 30| 9 ET] 30 ] ETI 0257 7
Boo0 211 0 0.209 0ma 0.046 30 ] 20 30 a 20 5 0.257 0.257
0. 112 o . 267 013 043 4 40, 4 - 0278 378
] 0 EiE] m3 (58] i 3 f [EED T80
] il EFE] m3 151 [ 3 0176 176
0. 143 0 417 013 .02 X 40. X 0170 170
B0 947 o 0.228 0z ooss 45 a 45 45 1] 45 x 035 0328
BIH EEH 0 1176 [IITiE] 0146 2 | 9 [ 25 ] B | 0251 =]
Boo0 1007 20 0.209 0ma 0.046 45 ] 45 a5 a 45 ] 0.257 0.250
0. 17 ] 288 013 045 45 a 5 a5 4 b 028 .251
il 0 154 m3 5] 30| 14 E1E oE E 7 0467 254
0 0 160 [i{E] [i5E] a0 | s 06 = i 045 457
0. 40 20 161 013 002 o 14 0.5 295 s 0451 L4356
B0 1050 ] 0.164 0z 0.os 30 14 305 205 1] 0 2l D454 0429
BIH [EH 0 [E=E] [IITiE] 0040 2| & il ] ] A | & 0273 17
Boo0 11:02 10 0475 0ma 0.020 20 [} 20 20 a 20 24 0156 0.161
B0 11:12 2 0.458 0z o002 20 [ 20 0 1] 0 24 015 0.162
BIH s ET] a7z [IITiE] 0 2| & il ] ] FI T 0157 N[
Boo0 11225 o 0.262 oma 0.050 30 ] 20 0 a 20 24 0.3 0.291
Boo0 11:3% 10 0.297 0ma 0.045 30 ] 20 30 a i) 24 0.250 0.257
B0 11:45 2 0.298 0z 0044 30 a 0 30 1] 0 x 0249 0.243
BIH 1154 ET] [F [IITiE] [N TN ET] ] ] ETI 0251 1181
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Table D-5. Strontium Carbonate Flux-Pall 0.8 um (continued).

C-0. s [1] . 296 013 . 30 19 251 .298
C- 733 10 5 ms3 30 prd 252 4
C- 743 .1l i [1jk] 3 a0 24 X Pzl
C-0. 753 0 201 013 . i 4 264 271
c08 TES [1] 0.184 0013 0072 40 12 40 40 1] 40 ] 0.403 0.40%
ca8 BlE 10 1184 0nms3 007 Al 12 40 Al 1] Al Pl 0404 113493
C0.0 @15 Fi] 0.103 0.013 0.072 40 12 40 a0 a a0 il 0.405 0.303
c08 825 0 0.183 0013 0072 40 12 41 40 1] 40 il 0.405 0383
ca8 B2 i 0373 0nms3 01135 30 4 p k1l 1] 3 Pl 0199 11494
C0.0 o030 10 0674 0.013 0.020 i 4 ] il a k1] i) 0.110 0.110
C0.0 040 1] 0540 0.013 0.020 a0 4 2 N a ] 24 0.115 0.118
c08 858 0 0644 0013 0.021 30 4 ] il 1] ] 24 0.115 013
ca8 L9100 i 1736 0nms3 06 15 4 15 15 1] 15 24 0314 01323
C0.0 10 10 0.250 0.013 0.053 15 9 15 15 a 15 4 0.256 0.305
c08 420 20 0.296 0013 0.045 15 a 15 15 1] 15 0.251 0358
ca8 930 1 7243 0nms3 01045 15 4 15 15 1] 15 24 0253 11240
C0.0 02 [i] 0.195 0.013 0.060 i) 12 0 20 a ] 4 0.300 0.391
c08 942 10 0.195 0012 0.063 20 12 ) it} 1] ) ] 0.381 0.381
c08 452 20 0.193 0013 0.063 20 12 .1} 0 1] i} » 0.385 0385
ca8 1002 1 01492 0nms3 0ES A 12 Al Al 1] Al .1 0387 1387
C0.0 10:04 [i] 0.250 0.013 0.053 i 9 7] k] a 1] i) 0.257 0.297
c08 1014 1] 0.280 0013 0.047 30 a = 30 1] ] » 0.265 0385
ca8 1024 .t 0273 0nms3 0045 30 4 1 30 1] 3 .1 022 0272
C0.0 10:34 0 0.273 0.013 0.043 i 9 3] K] a 1] i) 0.372 0.272
C-0. =1 [1] 317 013 042 4 40, 9. 4 e 234
0. 47 10 . 338 L013 U324 4 4 =R 4 s 191 1565
C- 057 .t 3 ms3 134 4 34 4 Pus 1848 164
C-0. a7 0 406 013 033 4 X =X & 183 163
c08 110 [1] 0353 0013 0.052 45 a 45 45 1] 45 4 0.293 0302
ca8 112 10 12839 0nms3 01045 45 4 45 45 1] 45 .1 027 1257
C0.0 11:30 Fi] 0.290 0.013 0.044 45 9 43 a5 a 45 i) 0.249 0.243
C-0. 1:40 0 .298 013 044 45 a 5 45 4 » .249 243
C- 142 i 164 m3 81 30 14 s pok) .- 453 AR5
C- 152 10 170 ms3 078 30 14 305 Fok] 4 43 AR
C-0. 202 Fi] 172 013 077 i 14 0.5 285 4 432 445
c08 1212 0 0171 0013 0.077 30 14 305 295 1] ] 4 0.434 0445
ca8 1215 i 1416 0nms3 052 A ] Al Al 1] Al 4 018 1183
C0.0 1235 10 0.506 0.013 0.0 i) [ 0 i) a ] 7] 0.147 0.160
C-0. 1235 20 1513 013 L0265 20 e il ) e 145 158
C- 1245 1 ¥l ms3 12 A 2 2 2 F 142 185
G- 1250 0 296 o3 045 a0 3 3 | 2 21 273
C-0. 1:00 10 316 013 042 i ] X ] Z 235 256
c08 110 20 0312 0013 0.042 30 a = 30 1] ] i) 0.2 0352
CA8 1.0 £ 1] 1313 1013 01047 3l 4 1 3l 1] 1] 73 0237 1251
008 E:18 [1] 0375 0013 0.043 30 a El] 30 a k] i 0.270 0302
a8 B2 10 11 246 0nms3 01045 30 4 1 30 1] 3 Pl 021 11 %8
[-0.0 B30 Fi] 0.292 0.013 0.045 i 9 k7] 30 a k1] 4 0.254 0.261
[-0.0 (] 20 0.294 0.013 0.045 i 9 2 30 a ] 24 0.25] 0.260
008 E51 [1] 0.181 0013 0073 40 12 35 405 1] 40 ] 0411 0411
a8 JZm 10 A8 0nms3 03 Al 12 ok 5 1] Al Pl 0356 1347
[-0.0 711 Fi] 0.213 0.013 0.062 40 12 85 40.5 a a0 i} 0.240 0.320
008 721 0 0.230 0013 0.00 40 12 35 0.5 1] 40 il 033 0313
a8 73 i 1300 0nms3 044 30 4 M 5 & 1] 3 Pl 0248 1241
[-0.0 k] 10 0.705 0.013 0.01% i 4 05 305 a 1] i 0,105 0.105
[-0.8 743 20 0670 0012 0.020 30 4 205 30.5 1] ] 4 [RNN] 0.114
008 TES 0 0733 0013 003 30 4 A5 305 1] ] 4 0.103 0.108
a8 7 BE i 0278 0nms3 0047 15 4 15 15 1] 15 4 0.x%7 1774
[-0.0 o:00 10 0.320 0.013 0.040 15 9 15 15 a 15 4 0.2:6 0.233
008 818 20 0.342 0013 0033 15 a 15 15 1] 15 4 0217 0233
a8 B2 1 11345 0nms3 0155 15 4 15 15 1] 15 4 015 01
[-0.0 @:30 [i] 0.204 0.013 0.065 i) 12 19.5 20.5 a ] 4 0.364 0.375
00, 140 1] .223 013 053 il 12 19.5 205 pr s EEE] 333
0-0. 150 Fi] 231 013 LOE7 ] 12 19.5 205 ] s L322 L322
) 11 1 736 ms3 [E6 2 12 195 XA F 314 314
C-0. :03 [i] 235 013 053 ] 9 0 ] f .320 .30
008 413 1] 0.299 0013 0.044 30 a = 30 1] ] » 0.243 0248
D41 H EFE] N [TETE] 0m3 0044 ET) E] 0 0 [i] ET] E [TFIE] 0745
[-0.0 ERE] 0 0.300 0.013 0.043 i 9 Ej] k] a 1] i) 0.241 0.241
0-0. 936 [1] 279 013 047 4 40, 4 s 266 265
) 945 10 472 m3 31 4 L 4 7 176 178
) 986 .t 427 ms3 31 4 L 4 174 174
C-0. 10:06 0 426 013 031 4 X 40, f 174 174
008 10:09 [1] 0239 0013 0053 45 a 45 45 1] 45 ] 0325 0325
a8 1019 10 1k 17 0nms3 044 45 4 45 45 1] 45 Pl 0245 1739
[-0.0 1023 Fi] 0.297 0.013 0.044 45 9 43 a5 a 43 il 0.250 0.23%
0-0. ] 0 . 298 013 044 45 a 5 45 4 e .249 235
) 42 i 168 ms3 0749 30 14 ME & F 441 417

a2 10 183 o3 072 a0 14 25 305 & 406 383
C-0. 02 Fi] 190 013 L0700 i 14 05 305 i L350 370
008 112 0 0.195 0013 0.063 30 14 A5 305 1] ] il 0.320 0353
a8 1115 i 0381 0nms3 01135 A ] 195 XA 1] Al Pl 0195 1189
[-0.0 11:35 10 0516 0.013 0.0 i) [ 19.5 205 a i) i 0.144 0.144
0-0. 35 20 511 013 L0265 il 19.5 205 2 4 145 143
) 45 1 512 ms3 1% 195 XA 2 4 145 149
L0, A0 [i] 67 013 043 ] 1] ] 24 L2700 206
C-0. ] 10 200 013 043 ] 0 E i) 241 241
008 1208 20 0310 0013 0.043 30 a = 30 1] ] » 0.240 0.240
418 1218 1] 11317 1013 01043 3l 4 1 3l 1] 1] -] 1242 11742

88



Table D-5. Strontium Carbonate Flux-Pall 0.8 um (continued).

= 133 [1] 103 .01 128 30 El] k] o L7200
E 43 10 Akl . 54 30 1 - 3 2 2
E Lx] A prs] . =] A3l Al 3 Al e e
E-0. :03 0 . 236 013 056 i Ej] 1] & .15 ..
E08 405 [1] 0.096 0013 013 40 12 35 405 1] 40 ] 0.778 0738
Ed8 915 10 0171 0nms3 o0 Al 12 ok 5 1] Al Pl 0433 0421
C-0.0 25 Fi] 0.193 0.013 0.060 40 12 85 40.5 a a0 Fi 0.304 0.373
E-0. 435 0 208 013 054 40 12 395 405 4 i} 358 348
E 940 i A m3 [ES 30 4 k1 30 X 2 Td 37
E 9H0 10 445 ms3 (=) 30 4 1 1 .1 1E6 i
E 10:00 Fi] 400 013 020 i 4 ] 4 155 152
E0. 10:10 0 0.450 0013 0023 30 4 ] 30 1] ] 4 0181 0168
E 1012 i 1711 0nms3 00D 15 4 15 15 1] 15 4 0337 1347
C-0. 1022 10 0.290 0.013 0.045 15 9 15 15 a 15 4 0.25 0.263
E 2 20 303 013 044 1 a 1 1 1 4 245 252
12 EA] 311 L3 042 1 49 1 1 1 24 .23 245
14 i 172 ms3 077 A 12 Al Al Al 4 453 Aa5
z 10 ¥ 013 .0E0 2 12 o i e 4 ] HD
104 20 0239 0013 0.055 20 12 .1} 0 1] i} 03t 0320
4 1 125 0nms3 057 A 12 Al Al 1] Al p.-] 01 1491
1116 [i] 0.160 0.013 0.078 i 9 7] k] a 1] 4 0441 0.453
F 1] 269 013 043 30 s L2786 276
.1 . 276 L013 045 3 = .1 L 2659
1 5 ms3 5 30 1 %1
s [i] 156 013 .004 40 f 475 475
1:59 1] 0.347 0013 003 40 [ 40 40 1] 40 » 0.214 0214
128 .t 1358 0nms3 0137 Al ] 40 Al 1] Al .1 0.7 0117
1213 0 0.370 0.013 0.0% 40 [ a0 a0 a a0 i) 0.200 0.200
1222 [1] 0148 0013 0.050 45 a 45 45 1] 45 ] 0.507 0507
E08 123 1] 0.256 0013 0.052 45 a 45 45 1] 45 i} 0.290 0282
Ed8 1242 .t 11 %01 0nms3 0051 45 4 45 45 1] 45 Pl 0285 0277
C-0.0 1252 0 0.270 0.013 0.043 45 9 45 a5 a 43 Fi 0.374 0.267
E08 1255 [1] 0.156 0013 0.085 30 14 = 30 1] ] i} 0.476 0453
Ed8 105 10 11493 0nms3 0ES 30 14 1 30 1] 3 Pl 0385 1375
C-0.0 1:15 Fi] 0.190 0.013 0.067 i 14 7] k] a 1] Fi 0.375 0.364
E.08 125 0 0212 0013 0.062 30 14 1] 30 1] ] i} 0.350 0.341
E08 128 [1] 0.351 0013 0053 20 [ 19.5 205 1] i} ] 0.295 0395
Ed8 138 10 1433 0nms3 0131 A ] 195 XA 1] Al 4 0122 0178
C-0.0 1:48 Fi] 0.429 0.013 0.031 i) [ 19.5 20.5 a ] 4 0.173 0.178
E08 158 0 0.437 0013 0.030 20 [ 19.5 205 1] i} 4 0.170 0178
Ed8 213 i 1711 0nms3 00D 30 4 1 30 1] 3 24 0337 1347
C-0.0 213 10 0.294 0.013 0.045 i 9 7] 30 a 1] 4 0.252 0.260
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Table D-6. Strontium Carbonate Flux (GKN 0.1 pum).
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Table D-6. Strontium Carbonate Flux-GKN 0.1 pm (continued).
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Table D-6. Strontium Carbonate Flux-GKN 0.1 pm (continued).
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Appendix E
SRS Simulant 0.29 wt%
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Appendix E
SRS Simulant 0.29 wt%

Table E-1. SRS Simulant 0.29 wt% (Graver 0.07 pm).
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Table E-2. SRS Simulant 0.29 wt% (Mott 0.1 um).
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Table E-3. SRS Simulant 0.29 wt% (Mott 0.5 pm).

Table E-4. SRS Simulant 0.29 wt% (Pall 0.1 pm).
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Table E-5. SRS Simulant 0.29 wt% (Pall 0.8 pm).
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Table E-6. SRS Simulant 0.29 wt% (GKN 0.1 um).
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Appendix F
SRS Simulant 4.5 wt%
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SRS Surrogate 4.5 wt%

Graver 0.07 (B
T

Appendix F
SRS Simulant 4.5 wt%

Table F-1. SRS Simulant 4.5 wt% (Graver 0.07 pm).
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Table F-2. SRS Simulant 4.5 wt% (Mott 0.1 pm).
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Table F-3. SRS Simulant 4.5 wt% (Mott 0.5 um).

Table F-4. SRS Simulant 4.5 wt% (Pall 0.1 pm).
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SRS Surrogate 4.5 wt%
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Table F-5. SRS Simulant 4.5 wt% (Pall 0.8 pm).

Table F-6. SRS Simulant 4.5 wt% (GKN 0.1 um).
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Appendix G
SRS Simulant 4.5 wt%
Repeat
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Appendix G
SRS Simulant 4.5 wt%
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Table G-1. SRS Simulant 4.5 wt% Repeat (GKN 0.1 um).
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Table G-3. SRS Simulant 4.5 wt% Repeat (Graver 0.07 pm).
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Table G-4. SRS Simulant 4.5 wt% Repeat (Mott 0.1 um).
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Table G-5. SRS Simulant 4.5 wt% Repeat (Pall 0.1 pm).
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Appendix H
SRS Simulant 0.06 wt%
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Appendix H
SRS Simulant 0.06 wt%

Table H-1. SRS Simulant 0.06 wt% (Graver 0.07 pm).

Repeat
SRS Surrogate 0.06 wt%,
Graver 0.07 (B

R 1 .1
= bis i F—
BOO7 01 0028 85 144 140
BO.O7 8:04 0044 M5 24 . 224
il 0iE T 143 T a—
BO07 8.24 0027 285 136 139
BO.O7 834 0024 85 124 128
. b o—
847 1 1
BO.O7 857 0.0E2 165 156
i 1 I
ER o
BOO7 0008 N5 142 142
7 EiH T
s 1 ;
BOO7 0022 115 115

L]
IQE.

BO07 (AT} 0710 003 0015 00 0.
T 1017 043 0.00:
1 Dag | oo ﬁ
BO07 037 0SB 0013 0024 123 120
BO.O7 1047 0598 0013 0022 112 12
LT VT T [T L] i1l FIi]
BO07 1o D4E7 0013 00e7 285 136 142
BO.O7 111 0530 003 0025 85 127 127
g T ITTE E ] 11 (i)
46 G il b}
BO.O7 0438 0013 0.030 183 143
%% T B TTE % T [FA—
EJ 008! 1 1
BOO7 5, 0216 003 008t 311 311
I 12 0450 Q.0 1 1
ﬁ——ﬂ 1 L T |§ ri—
BOO7 1227 0575 003 0023 & 117 117
i [F1] [FET] I] 7] il FiI
Bg! |E.|| Ag2 | OO0 % E é
BOO7 1251 0528 003 0025 127 124
BO.O7 1:01 0.5873 0013 0.0 118 112
[Eanr | s 484 | oo (1] T4E T4k
BO07 145 o 0013 0022 111 0117
BO.O7 125 0 003 [IE 00688 0.090
- v, 11 E F\
1 T.40 6 5 1 1
BO.O7 1:50 0515 003 0006 ;_3 0131 0127
i% T T E 114 [XKE]
1 I E) A5 % | ot 01E |

Table H-2. SRS Simulant 0.06 wt% (Mott 0.1 pm).
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Appendix |
Budgetary Quotes

Table I-1. Budgetary quote for Pall membranes.

BUDGETARY PRICE SHEET

WSRC Ultrafilter Retrofit Vessel and Filter Assembly

Customer: Westinghouse Savannah River
Date: May 20, 2004

Item 1: (280) 96” AccuSep® Zirconia coated (0.1 micron) membranes welded directly
into the tubesheet comprising a combined filtration area of 231 ft*2.

Item 2: 96” AccuSep® (1.0 micron) membranes welded directly into the tubesheet.

Price [Item 1] Pall will complete the work as proposed for the budgetary price of
$100,000.00

[Item 2] Pall will complete the work as proposed for the budgetary price of
$140,000.00

Validity
Pricing is valid for a period of 90-days from noted date. If a formal purchase
order or executed contract is not received within the 90-day period, both the
pricing and delivery schedule are subject to review and adjustment.

Delivery
16 Weeks ARAD
Taxes and Duties

Taxes are not included in the pricing. Any taxes, duties, tariffs of any type are
for the account of the Purchaser.

Terms of Payment

50% Upon Receipt of Order
50% Delivery
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Table I-2. Budgetary quote for GKN membrane.

May 20, 2004
KemTEK, Inc.
21 Colonial Ave.

Haddonfield, NJ 08033

Attn.: Mr. Carl Gakeler

Subject: SRS BUDGET QUOTE---
Ref.: INEEL ---(1)FILTER 18” HyPULSE LSX Vessel
Refer to our ----DCF ref.#040502----

Carl:

With reference to vour request for a budgetary price for subject 18” Filter Vessel:

DCEF price to design and build with reference to DOE SRS 200S AREA drawing (Defense
Waste Processing Facility, Late Wash Facility) for Cross Flow Filter Modifications, Plan and
Sections S511-205-030-00-F, as well as, referred to reference drawing #D7020346:

Price for one vessel as follows:

DCEF design/manufacturing engineering optional---------- $200,000.
DCF vessel and GKN supplied tubes $275,000.
Total $475,000.

Ref. Drawing #D7020346 please note the following:
Notes 1,2, & 3 ----Vessel to be designed, built, and stamped to ASME SECTION VIII, DIV Iin
accordance with NQA-1 requirements.

Note #4----Final assembly --Westinghouse SRS Engineering Stds ---not applicable.

Note #5----Welding to be in accordance ASME CODE SECT VIII, DIV 1, as applicable.
(Welding procedures, welders & welder operators qualified (prior to fabrication) in accordance
with SECT IX of ASME CODE. Reference to Westinghouse SRS Engineering Stds--- not
applicable).

Tubes to be furnished by GKN—tubes to be manufactured and welded in accordance with DIN
and GKN MFG STDS.
Note #12---Shipping is for a domestic box.
Notes #16, 22 & 23---Not applicable.
Price excludes tube design engineering costs (by KemTEK/GKN)
Price is exclusive of sales, use and all other taxes

Price is good for a period of 30 days from date of quotation.

Delivery: to be determined at time of order placement, subject to material availability lead times
and DCF production scheduling.
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FOB Florence, NJ (Freight costs by others)
Terms: To be determined, mutually agreed upon.

Should you have any questions or comments please do not hesitate to contact me.
Sincerely,

Robert Sarraiocco

Business Development Manager

DC Fabricators Inc.
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Carl Gakeler
21 Colonial Avenue
Haddonfield NJ 08033

Phone: 856-428-9332 KemTEK
Fax: 856-428-92086

www. kemteknj.com
carl@kemieknj.com

Fax

To: N1cR MANN From: Carl Gakeler
Company: g1, Date: vav 20, 2004
Faxfgﬂg’526=3499 Pages: -

TN AL
Phone: 208-526-8644 Ce: W (o i

Re: cross FL.OW ULTRA FILTER 18" DIAMETER
NICK:
BUDGET PRICE IS ATTACHED.
TO BE SAFE, I HAVE INCLUDED SPECIFICATIONS OF ASME CODE AND
NQA-I. THIS PRICE IS SIMILAR THE HANFORD FILTERS EXCEPT THE
ENGINEERING COST IS NOT APPORTIONED OVER SIX (6) FILTERS. IN
THE EVENT MULTIPLE FILTERS WQULD BE REQUIRED, THE ENGINEERING
COST OF $200,000.99 WOULD BE APPORTIONEZED.
I COULD NOT PREDICT THE WESTINGHOUSE STANDARDS THEREFORE HAVE
TAKEN EXCEPTION TO THEM, BUT HOPEFULLY HAVE THEM COVERED TO
SOME EXTENT.

THE QUOTE IS TO DRAWING 7020346 REV D WHILE THE OVERALL DIMESICNS
AND LAYOUT ARE TO S511-205-030-00-F.

NICX, I HOPE THIS PRESENTATION AND QUOTE WILL BE SUFFICIENT TO
YOUR CURRENT NEEDS.THE TUBES ARE GKMN AS TYPE TUBES.

BEST REGRRDS,
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Table I-3. Budgetary quote for Graver membranes.

G Technologies, Inc.

C D icone "™ Budget QUOTATION
Glasgow, DE 19702-3319
Graver Technologies  Toll Free: 800.249.1990

Tel: 3027311700
Fax: 3027311707

DATE: May 24, 2004 QUOTATION # C6034

PREPARED FOR: SUBMITTED FROM:

INEEL Graver Technologies Inc.
200 Lake Drive

Idaho Falls, ID. 83415 Glasgow, DE 19702 USA

Attn: Mr. Nick Mann - AST: Re: SCEPTER® MF Module for Savannah River

Your interest in Graver Technologies products is appreciated and we propose to furnish you:

ITEM # | QTY | DESCRIPTION Price Each TOTAL

1A 1 Graver Technologies Scepter microfiltration membrane | $45,600.00 $45,600.00
module model no. 12C-750A-10P2. This is a two-
pass, 10 foot (3-meter) porous tube length module
designed for horizontal mounting. Provides
approximately 237.5 sq.ft. (22 m2) of membrane area
rated at 0.1 microns. Contains quantity 126 (63/pass)
tubular membranes having a nominal inner diameter of
0.72 inches (18.3 mm). Module shell material of
construction is 316L. Tubes are 316L with TiO
membrane. ASME code designed and stamped for 200
psig (13.8 bar) at 400°F (204°C). Process connections
to be standard pipe size weld stubs (or other as
mutually agreed). Sizes, quantity, and orientations to
be determined. All welded construction. A circulation
flowrate of 479 to 718 gpm would provide a crossflow
velocity of 6 to 9 ft/sec.

1B 1 Graver Technologies Scepter microfiltration membrane | $58,800.00 $58,800.00
module model no. 10C-375A-10P. This is a one-pass,
10 foot (3-meter) porous tube length module designed
for horizontal mounting. Provides approximately 312
sq.ft. (29 m2) of membrane area rated at 0.1 microns.
Contains 312 tubular membranes having a nominal
inner diameter of 0.38 inches (9.65 mm). Module shell
material of construction is 316L. Tubes are 316L with
TiO membrane. ASME code designed and stamped for
200 psig (13.8 bar) at 400°F (204°C). Process
connections to be standard pipe size weld stubs. Sizes,
quantity, and orientations to be determined. All welded
construction. A circulation flowrate of 659 to 998 gpm
would provide a crossflow velocity of 6 to 9 ft/sec.
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1C 1 Graver Technologies Scepter microfiltration membrane | $44,000.00 $44,000.00
module model no. 12C-750A-10P. This is a one-pass,
10 foot (3-meter) porous tube length module designed
for horizontal mounting. Provides approximately 262
sq.ft. (24.3 m2) of membrane area rated at 0.1 microns.
Contains 139 tubular membranes having a nominal
inner diameter of 0.72 inch (18.3 mm). Module shell
material of construction is 316L. Tubes are 316L with
TiO membrane. ASME code designed and stamped for
200 psig (13.8 bar) at 400°F (204°C). Process
connections to be standard pipe size weld stubs. Sizes,
quantity, and orientations to be determined. All welded
construction. A circulation flowrate of 1056 to 1585
gpm would provide a crossflow velocity of 6 to 9 ft/sec.

-- An approval drawing will be provided for your review and comments prior to manufacture. --

Terms: Twenty-five percent on drawing approval; Balance Net 30 days after shipment with
approved credit. Approval drawing within 10 days of order.
FOB: Shipping Point — Robbinsville, NJ.

Freight: PP and add, or Collect. By dedicated air-ride flat bed truck.
Shipment: 10 - 12 weeks after drawing approval, but dependent on shop load at time of order.
Validity:  This quotation is valid for purchase for 60 days.

To place an order call Scott Wittwer at (302) 731 - 3539.
Subject to enclosed terms unless otherwise stated above or in any documents attached.
PREPARED BY
__Scott Wittwer

Scott Wittwer
Product Manager
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Table I-4. Budgetary quote for the Mott 0.1 um membrane (personal email, 06-23-04).

Michael,

The actual quote for the 0.1 Mott filter was $255,000 + $15,000 for QA related documentation and
inspections for a total cost of $270,000. This quote was effective in January 2004. We expect to see an
escalation of the cost based on rising costs for stainless steel.

The $27,300 for modification of the factory supplied filter to add elbows, Hanford nozzles, balance it, etc.
should be a COMMON cost for any vendor's filter we purchase. However, keep in mind that the facility
was designed specifically around a Mott filter with certain length tubes. | would expect the modification
costs to be higher for any vendor's filter that was different in size, etc (e.g. different length standard tubes
resulting in a fatter or longer tube bundle to get the same filter area.). The existing jumpers in the Cell are
designed to fit the exact geometry of the Mott filter. If we use a different vendor and the nozzle locations
are different by any dimensional amount, then at least 4 or more jumpers will have to modified at
considerable cost ($100,000 or more).

The estimate of $30,000 for 512S operational costs to install the filter would also be a common cost for
any vendor's filter.

Please call me Michael and we can discuss how you intend to use this information in your comparisons of
Filter Vendors. | want to make sure we are not talking apples and oranges when the filter vendors are
compared. The cost numbers | saw for the "other vendors" seemed too low for a complete filter vessel.

----- Forwarded by E Seufert/WSRC/Srs on 06/23/2004 08:44 AM -----
James Lovekamp/BSRI/Srs

06/23/2004 08:14 AM
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